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ABSTRACT
The thesis is divided into three parts. The first part looks at the reactivity difference
between [Pt(terpy)(OH2)f+ and [Pt(bpma)(OH2)]2+ where terpy is 2,2' :6',2"-terpyridine
and bpma is bis(2-pyridylmethyl)amine, towards thiols namely, L-cysteine, DL-
penicillamine and glutathione. This is followed by a comparative study of
[Pt(bpma)(OH2)]2+ and [pd(bpma)(OH2)f+. Finally the reactivity differences between
[Ru(terpy)(bipy)(OH2)f+ and [Ru(terpy)(tmenXOH2)]2+ are reported. Included are the
synthesis and characterization ofthe complexes.
The substitution behaviour of [pt(terpy)(OH2)]2+and [Pt(bpma)(OH2)f+ was studied as a
function of entering thiol concentration and temperature. The reactions between the Pt-
complexes and DL-penicillamine, L-cysteine and glutathione were carried out in a 0.10
mol dm03 aqueous perchloric acid medium using stopped-flow or conventional UV-Vis
spectrophotometry as required. The observed pseudo-first-order rate constants for the
substitution reactions are given by kobs = k2[thiol] + k 2. The k 2 term represents the
reverse solvolysis reaction. This term was found to be zero for Ptn(terpy) which was the
most reactive complex . The second-order rate constants, ka; for the three thiols varied
between 0.107±0.001 M·l S·l and 0.517±0 .025 M"l sol for PtlI(bpma) and 10.7±0.7 M"l S·l
to 711.9±18.3 M"l S·l for PtlI(terpy), with glutathione being the strongest nucleophile.
Analysis of the activation parameters, Mf' and .1.S", clearly shows that the substitution
process is associative in nature.
The second study has looked at the substitution of the coordinated water molecule from
[Pt(bpma)(OH2)f+ and [pd(bpma)(OH2)f+ by a series of nucleophiles [Nu] viz. TU,
DMTU, TMTU and as well as Be", Cl', SCN", and r for the Ptn(bpma) complex. The
investigation was conducted under pseudo-first-order conditions as a function of
concentration of [Nu] as well as temperature for PtlI(bpma) complex using stopped flow
spectrophotometry. Reactions involving PdII(bpma) were done at 10°C. The observed
pseudo-first-order rate constants obeyed the equation kobs= k2[Nu]. The second-order rate
III
constants, kz, at 10 "C for the sulfur donor nucleophiles have been found to vary between
70.35 M I sol and 223.06 M I sol for PtII(bpma) and (1.24 ± 0.01) x 105 M I sol to (2.17 ±
0.02) x 105 M-Is-l for PdII(terpy), with DMTV being the strongest nucleophile. The
second-order rate constant, ka; at 25 "C fur PtII(terpy) was found to increase in the
following order cr < Be" < TMfU < SCN < TV < DMTV < f. This order is in
agreement with the polarizability of the nucleophiles, the nucleophilic discrimination
factor being 0.38. The temperature studies for PtII(bpma) suggest that the substitution
process is associative in nature .
The third part looked at the reactivities of [Ru(terpy)(bipy)(OHz)]z+ and
[Ru(terpy)(tmen)(OHz)]z+ where bipy is 2,2'-bipyridine and tmen is N,N,N ',N '-
tetramethylethylenediamine with three nucleophiles TV, DMTV and CH3CN. The pKa
values for the complexes were found to be 9.99 and 10.27 for [Ru(terpy)(bipy)(OHz)]z+
and [Ru(terpy)(tmen)(OHz)f+, respectively. The substitution of water involving the two
complexes was studied under pseudo-first order conditions using UV-Visible
Spectrophotometry. The pseudo-first-order rate constant fitted the simple rate law kobs =
kz [Nu] + k-z. The k.z term was found to be zero for [Ru(terpy)(bipy)(OHz)f+ but non-
zero for [Ru(terpy)(tmen)(OHz)]z+. The values of the second order rate constants (kz) for
the three nucleophiles were found to be between (1.08 ± 0.02) x 10-4 M l sol and (15.0 ±
0.27) x 10-4 M-l sol for [Ru(terpy)(bipy)(OHz)]z+ and (0.82 ± 0.04) x 10-4 M-l sol and
(21.90 ± 0.69) x 10-4 M-I sol for [Ru(terpy)(tmen)(OHz)]z+. The results suggests that n-
back donation accounts for the difference in reactivity.
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Substitution Reactions of Pt(II) and Pd(II) Complexes
1.1 General Back&round of Square-Planar Complexes
Square-planar complexes are often formed when a metal ion contains eight electrons in its
outermost d orbitals. I Examples of some of these metal ions include Pt(ll), Pd(II), Cu(II),
Au(III), Rh(I) , Ir(I) and Ni(Il).l, 2 These complexes are diamagnetic in nature , that is, they
are spin paired. Square-planar complexes of Pt(II) are by far the most stable . As a result
the syntheses and reactions of platinum(Il) complexes have long been the subject of
. d 3extensive stu y.
In general platinum occupies a paramount importance In transition metal-complex
chemistry." It may exist in numerous oxidation states (such as 0, +1, +2, +3, +4 and
higher) which means that it may react with numerous ligands to form a variety of
complexes such as [Pt°(CODh] (COD = 1,5-cyclooctadienet, [Pt°(TJ2-
Ph2P(X)C=CMe)(dcpe)] (X = S or 0 , dcpe = 1,2-bis (dicyclohexylphosphinojethane)",
[PtI(ph2PCH2PPh2)t, [PtII(terpy)CI]CI (terpy = 2,2' ;6',2"-terpyridine)6,
[PtIII(C2HsNH2)4Cl]Ch.2H20 4, and CiS-[PtIVC14(NH3hf just to mention a few. The
complexes ofPt°, PtII and PtIVare by far the most stable and studied complexes. Platinum
complexes in various oxidation states, in particular PtII and PtIV (because they form
remarkable complexes) have found use in different areas of research such as in catalysis,
biochemistry and anticancer studies ."
Platinum(II) has the electronic configuration [Xe]4f4Sd8. It forms stable complexes with
anionic monodentate ligands such as halides , pseudohalides, carboxylate and sulfite and
also with neutral donor ligands such as group 14, 15, and 17 donor ligands." Platinum
reacts with bidentate ligands such as N-N, P-P, S-S, N-O and P-N to form mononuclear
and bridged dinuclear (also known as dimeric or polymeric) complexes. The reaction
between platinum(II) and tridentate ligands such as N-N-N, N-P-N, and S-N-S yields
mainly mononuclear 4-coordinate planar complexes. v8 The majority of Pt(II) compounds
exhibit a coordination number of four with square-planar geometry although both five-
and six-coordinate compounds exist."
The unusual features of Pt(ll) d8 systems include their coordinatively unsaturated
character, the ability to undergo nucleophilic attack at the vacant P, orbital, the ease of
formation of n-complexes, hydrido- and Pt-C c bonded complexes, the tendency to
undergo oxidative addition through electrophilic attack at the filled d/ orbital and the
ability to undergo reductive elimination."As a result of these properties, Pt(ll) d8 systems
are used as catalysts with great success.
Square-planar platinum(II) complexes are relatively kinetically inert compared to the other
square-planar complexes, and this feature is of considerable importance in their
chemistry." Their inertness allowed them to playa role in the development ofcoordination
chemistry such as studies ofgeometrical isomerism and reaction mechanism. 10 During the
past four decades quantitative studies have been made on platinum(ll) systems, with an
appreciable effort being devoted to the investigation of the kinetics and mechanisms of
their reactions." II , 12, 13, 14 These studies have resulted in a better understanding of the
mechanism of ligand exchange process and the kinetics for different ligands and different
geometries." The wealth of data from these studies resulted in the development of the
useful rule, the trans effect which will be discussed in much detail in the following
sections.
The discovery of the square-planar complex cis-diamminedichloro-platinum(II) (cis-
[Pt(NH3hCh]) by Rosenberg and colleagues'", which is one of the three commonly used
antitumour drugs, led to interest in the aqueous chemistry of platinum and its binding to
polynucleotides.l" The complex CiS-[Pt(NH3hCh] is widely known as cisplatin, and is
currently used in many hospitals throughout the world in the treatment of ovarian,
testicular, and other forms of cancer.17 Recently it has become apparent that planar Pt(ll)
compounds are also of interest from a physicist point of view.15 Complexes such as
[(en)PtCh] form polymeric species in the solid state through axial metal-metal stacking
interactions." The platinum complexes which exhibit these stacking interactions display
some unsual conductivity properties.f 15
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1.2 Platinum Amine Complexes
The coordination chemistry of platinum amine has been known for more than a century
and has f~cinated chemists from the very beginning." The amine ligands include
ammonia, ethylenediamine (dien), hydrazine and hydroxylamine. The complexes cis- and
trans-[ptCh(NH3)2] are amongst the oldest known platinum(II) amine complexes. The
discovery by Rosenberg around 1968 that the cis-isomer has antitumour activity
stimulated the synthesis and screening of over 2000 different complexes with different
amines and anionic ligands.l'" 17, 18 This has led to a considerable resurgence in interest in
Pt(II) chemistry. 18, 19,20,21
Both platinum(II) and (IV) amine complexes have been synthesized and tested for their
anti tumour activity. Some of these Pt(II) and Pt(IV) complexes have been found to be
effective as anticancer agents . The platinum complexes which have shown antitumour
activity have been found to have some common structural features, namely neutrality of
the compounds and non-leaving groups in a czs-configuration.f
Studies on the mechanism of action of platinum compounds have suggested that their
cytotoxic effects are related to their ability to bind to cellular DNA.22, 23, 24 It was observed
that the platinum antitumour compound undergoes hydrolysis inside the cells , where the
cr concentration is much lower than outside the cells, before it can interact with the
DNA.25, 26 Since platinum(IV) complexes are generally slow to undergo substitution
reactions, it has been suggested that their ability to kill tumour cells requires reduction to
active platinum(II) compounds."
Amongst these novel complexes are platinum compounds which contain a-diimine ligands
as a bidentate [bipyridine (bipy), phenanthroline (phen) and ethylenediamine (en)f7, 28, 29,
30,31 or as a tridentate ligand [2,2' :6',2"-terpyridine (terpy) and diethylenetriamine (dien)t
32,33 instead ofamine. Although not all of these complexes exhibit antitumour activity they
have proved to be very useful models for the first binding step of platinum antitumour
compounds to DNA. 16 These complexes are of much interest because of their wide range
3
of applications." They exhibit both physical as well as biological properties .t' 35






Figure 1.1 Platinum(II) complexes containing N-donor ligand.
Complexes such as [pt(terpy)(HET)t(HET = 2-hydroxoethanethiolate and terpy =
2,2':6',2"-terpyridine), [Puterpy'Cl]', [Pt(bipy)Ch] (bipy = bipyridine) and
d bi d gl DNA bv i alati 36 37 38 39[pd(terpy)CI]CI have been reporte to 10 stron y to y mterc anon. ' , ,
The mechanism of intercalation has shown that the process depends on various factors
such as planarity, aromaticity, and surface tension ofthe interacting moiety."
The atoms in [Pt(terpy)(HET)t, [Pt(terpy)Clt, [Pt(bipy)Ch], [pd(terpy)CI]CI complexes
all lie on the same plane. This promotes interaction between the metal and the 1t orbital of
the chelating ligand (terpy), resulting in an extensive charge delocalization in an expanded
1t system." The degree of charge delocalization in platinum-terpy complexes is higher than
in platinum-dien, and -bipy complexes, therefore platinum-terpy complexes are better
intercalators. Some types of drug molecules that are known to intercalate are antibiotics,
antibacterials, antimalarial, and antitumour substances.P Compounds such as platinum(ll)
terpy complexes have been reported to display cytotoxic activity to human ovarian
carcinoma."
The Magnus green salt, which is prepared by mixing [Pt(NH3)4f+and [PtCI4]2- forms one-
dimensional (ID) chain polymers and platinum(ll) terpyridines, e.g. N, S-bis[(4'-chloro-
2,2':6',2II-terpyridine)platinum(ll)]-2-mercaptoimidazoltrishexafluorophosphate form
parallel stacking with Pt-Pt interaction in the solid state .41,42 The ID solid and parallel
4
stacking ofterpyridine moieties give anisotropic physical properties such as conductivities
d
. al . 15 42, 43 44an opnc properties." : ,
Furthermore, platinum(ll) complexes containing ligands such as terpyridine and dien are
of great interest because of their ability to bind to biological macrornolecules.V'{'' As a
result , these types of complex have been used as probes for macromolecules. Tertiary
structures of most nucleic acids as well as their functions have been elucidated using these
types of complex.f Additional properties of platinum(ll) complexes which have made
them useful as biological macromolecule probes include their inability to form insoluble
hydrated oxides at neutral pH, their kinetic stability and their moderate solubility in
water. 17 Since the application of platinum compounds in anticancer treatment is so
prominent, the interaction of these compounds with DNA has been included in section
1.5.
1.3 Substitution Reactions on Square-Planar Complexes
Substitution reactions on four coordinate planar complexes that have been studied
systematically are for low-spin d8 complexes!', in particular square-planar Pt(ll)
complexes, because their reactions proceed at more convenient rates than the other square-
planar complexes.l" For example, Au(III) complexes react ~1 03 times faster while Ni(ll)
and Pd(II) complexes react 106_105 times more rapidly than their analogous Pt(II)
complexes''" 48, respectively, with exceptions being exchange reactions with CN in
[M(CN)4f where these relative rates may vary .10, 49 As a result, little information is
known regarding the substitution reactions of these square planar complexes. However, all
available data suggest that the mechanistic results for Pt(II) apply generally to square-
planar complexes ofother elements.10
In general , substitution reactions of d8 transition metals are both of fimdamental'' and
practical importance, the latter stemming from applications in catalysis and cancer
chemotherapy.Y 15 The understanding of the mechanisms through which substitution
reactions on Pt(ll) cis-dichlorodiammine square-planar complexes take place is considered
as the key step for the understanding of the antitumour activity of most of these
complexes.50
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The substitution reactions concerned with here involve the displacement of one ligand for
another on the square-planar coordination sphere as represented by equation (1.1).
(1.1)
where T is the ligand trans to the leaving group X, L are ligands cis to the X and Y is the
incoming ligand. A square-planar complex consists of two vacant sides, through which the
incoming ligand Y can attack the metal centre ." The incoming ligand can approach from
either side ofthe plane, that is, above and below the plane of the square-planar substrate.
Due to the low coordination number of Pt(II) complexes, it seems reasonable to expect
that the reactions represented by equation (1.1) occur almost entirely by associative
pathways. l" Various studies of these types of reaction (1.1) have proved that this is the
case with a few exceptions.P 53, 54, 55, 56 These studies have shown that these reactions
proceed via associative activated substitution with the formation of trigonal-bipyramidal
(tbp) intermediate.57, 58, 59, 60, 61 A general representation of the stereochemical course of
displacement reactions ofPt(II) square-planar complexes is given in Figure 1.2.
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Figure 1.2 Schematic representation of the attack ofY at a planar complex and the tbp
five-coordinate structure
Some of the experimental evidence for associative pathways includes the uniformly
negative entropies and volume of activation, including marked dependence of rates on the
nature of both entering and leaving groups.l'' The volume of activation, si", derived from
the pressure dependence of the rate constantsf" 63 and measurements of activation
parameters namely, tVt and ss; have been used as criteria to distinguish associative and
dissociative reaction paths . An associative mechanism is associated with a negative
volume of activation, while positive volume of activation implies a dissocative
mechanism.f
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Under normal conditions, substitution reactions at the square-planar complexes have been
found to occur with a complete retention of stereochemistry of the initial platinum(II)
substrate. " 10, n Substitution reactions of trans-[Pt(T)L2X] yield a trans product and the cis
isomer gives a cis product as shown in Figure 1.3.
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Figure 1.3 Stereochemistry of square-planar substitution reaction through a trigonal-
bipyramidal (tbp) intermediate .
In the case whereby a substitution reaction on a square-planar complex proceeds via a
dissociative mechanism, which involves bond breaking of Pt-X, a three coordinated
intermediate is formed. This may at times have a nearly regular planar structure with
angles of 120°. When one starts with a trans-Pt(II) complex, it may yield a cis product.'
This is because the incoming ligand (Y) can attack the metal centre from adjacent to L or
opposite L.
A two-term rate law consisting of a ligand-dependent as well as a ligand-dependent term
as shown in equation (1.2) has been observed for most reactions.!' 3, 4,11,63
(1.2)
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where k l and k2 are first-order and second-order rate constants, respectively. Under
pseudo-first order conditions, that is, the concentration of the incoming ligand (Y) is in
excess, the experimental first-order rate constant, kobs, is related to the individual rate
constants as shown by equation (1.3).62
(1.3)
A plot of k
obs
versus [Y] should be linear with an intercept of k l for the reagent-
independent path and a slope of ka for the reagent dependent path. The mechanistic
representation of this two-term rate law is illustrated in Figure 1.4.
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Figure 1.4 The proposed mechanism representing the two-term rate law for the reaction
of a square-planar complex. Path (a) represents the solvent path (k:;) and
path (b) represents the direct attack on the metal centre by the incoming
ligand(Y).
The ligand independent rate constant k, is due to the slow displacement of X by the
solvent to form a labile solveto species, which then is rapidly substituted by the
nucleophile Y. A direct attack at the metal by the nucleophile Y to displace X is
responsible for the ligand dependent term (k2). It then becomes convenient to designate the
solvent path k, as k; and the reagent path ka as ky , so that equation (1.3) becomes
(1.4)
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The importance of the two terms depends on various factors such as: spectator ligand(s)
(non-labile ligandts) 63, incoming ligand (nucleophile)", leaving group (X) 65, solvent
medium in which the reaction is carried out and the metal centre charge. The importance
of these effects depends on the amount of bond formation or bond breaking in the
transition state.
The substitution reaction on square-planar complexes can be considered to have a double










Figure 1.5 The potential energy curves for the substitution reaction on square-planar
complexes involving a reactive intermediate .
Reaction profile (a) represents the reaction whereby the leaving group is readily replaced
and for which the rate of substitution is almost independent of the leaving group. This
follows because the higher activation energy between the transition states is that of (A).
This type of reaction will show a very sharp dependence on the entering nuc1eophile since
bond formation will be the most important with little rupture of the Pt-X bond. Therefore,
the nature of X will have a secondary effect on the formation of transition state (A) and
will affect the reaction rate only in so far as it is one ofthe four non-participating ligands.
Reaction profile (b) represents the case whereby X is more difficult to displace and the
rate of the reaction depends on the nature of the leaving group . This is supported by the
fact that now the higher activation energy between the ground state and the transition state
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is that of (B). In this case bond breaking would be most important with the reaction rate
showing a very large dependence on the leaving group .
Support for the energy profile shown in Figure 1.5, where the five-coordinate, trigonal-
bipyramidal species is an intermediate, comes from studies that show that the intermediate
can exist for a sufficiently long time to undergo pseudo-rotation.f" In addition, the rate
shows dependence on the nature and the concentration ofthe incoming ligand.
1.4 Factors that Affect the Rate of Lieand Substitution Reactions on
Square-Planar Complexes
As already mentioned, the rate of a substitution reaction on square-planar Pt(ll) complexes
depends on the nature and the concentration of the incoming ligand (Y)3 , 4, the steric
effect67, 68, the solvent in which the reaction is carried out and the spectator ligand. 57,65,69
The rate also depends on other factors such as the metal charge'" and temperature at which
the study is conducted. It has been found that the aromaticity of the chelate ring in Pt(ll)
complexes such as [pt(bipy)Ch] and [Pttterpyjfll]" also affects their reactivity.' This
section contains a discussion ofhow some of these factors, namely the spectator ligand(s),
the solvent, the leaving group and the incoming group affect the rate of square-planar
Pt(II) reactions.
1.4.1 The Spectator Ligand
The rate of substitution of the square-planar complexes has been largely probed by
changing the electronic properties such as the o, 1t and the steric properties of spectator
ligand(s) trans or cis to the leaving group , especially in the case of the platinum(ll)
complexes." Various studies on the substitution reactions on Pt(D) indicate that the rate is
more sensitive to a ligand trans to the leaving group (X) than it is to a ligand(s) cis to the
leaving group {X).
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1.4.1.1 The trans Effect
The trans effect is a well established concept in platinum(ll) chemistry and many ligand
substitution reactions have been investigated with regard to this property.i': 72 The trans
effect may be defined as the effect of a coordinated group upon the rate of substitution
reactions of ligands opposite to it in a metal complex? Since the first observation of a
ligand's ability to promote substitution of a ligand trans to it in platinum(II) complexes by
Alfred Werner, and the introduction of the concept of the trans effect by Chernayev et a/
in 1926, intensive investigations have shown that this effect is a kinetic rather than a
thermodynamic phenomenon.r 8, 93
The ability of a ligand T in [Pt(T)L2X] to promote the rate of substitution of the ligand
. c. 11 73 74 75 76trans to Itselfdecreases as 10 ows : ' , ,
This is known as the trans effect series. This order spans a factor of 106 in rate and it holds
for all square-planar complexes that have been examined so far .10 The sources of the trans
effect are the thermodynamic and kinetic factors .
The thermodynamic factor refers to the weakening of the Pt-X bond in the ground state of
the platinum(II) substrate, while the kinetic factor refers to the stabilization of the
transition state by the trans ligand (T) . This effect has been studied extensively by
measuring Pt-X bond distances, infrared stretching frequencies and Nuclear Magnetic
Resonance (NMR) coupling constants, and it is referred to as the trans influence.72, 77 It is
believed that in the absence of multiplicity of the bond, the length of the bond is inversely
proportional to its strength . As a result, the longer the bond the weaker it becomes. A
decrease in the bond stretching force constant implies that the bond is becoming weak.
Alternatively, the kinetic effect is assumed to operate because of better bonding between
the M and the T in the transition state. Most explanations regarding this effect have been
given by considering square-planar Pt(ll) complexes as models. The kinetic effect has
been also studied by considering the 1t and the o effects.
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To rationalize the trans effect sequence, different theories such as the extended Huckel
molecular orbital, x-bonding, crystalfield and polarization theory have been applied.78, 72
Molecular orbital (M. 0 .) theory has been employed to unify the n-bonding and
polarization theories. The following sections discuss the polarization, molecular orbital
and the n-bonding theories.
The 1C-Bonding Theory
The concept of n-bonding in metal complexes was first introduced by Pauling to account
for the shortcomings Ni-C bond in Ni(CO)4 and to account for the large stability of the
cyanide complexes of transition metals.' The x-bonding theory is mainly concerned with
z-bonding ligands such as C214 CN, CO, terpy , and PR3 and SR2. This theory suggests
that all these ligands tend to stabilize the transition state during a reaction through electron
back donation from filled d orbitals of the metal to empty x* orbitals of the ligand." This
accounts for their high trans effect. According to Charts!', these ligands possess an empty
orbital of x-symmetry that could withdraw charge from the metal and minimize the
disturbance produced by the binding of the fifth ligand. Chatts emphasized that removal of
charge from the Pt(II) by z-bonding of T will enhance the addition of Y, thereby
promoting a more rapid reaction.
Orgeal proposed the z-accepting mechanism using the same reasoning in terms of a
molecular orbital-based argument." 11 He showed that the presence of a n-acceptor in the
trigonal plane lowers the energy of the five-coordinate transition state or intermediate.
This five-coordinate transition state is assumed to have the structure given in Figure 1.6.3
Figure 1.6 The proposed structure ofthe five-coordinate intermediate .
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This mechanism suggests an associative mode of activation for these systems. From
various experiments it was proved that reactions of trans-Pt(f)L2X proceed via an
., hani 6579associanve mec anlsm. '
The Polarization Theory
This theory offers the explanation for the high trans effect of ligands such as H', alkyl and
aryl, which do not have orbitals of 1t symmetry/" Grinberg suggested that the large trans
effect of T in trans Pt(f)L2X results from a weakening of the Pt-X bond .' He explained
this hypothesis in terms of the polarizability of the trans ligand T. The electrostatic-
polarization theory offers an explanation for the weakening of the Pt-X bond on the basis
ofcharge distribution, as shown in Figure 1.7.
T-Pt-X
Figure 1. 7 Distribution ofcharge in induced dipoles in the T-Pt-X coordinate of trans-
Pt(T)L:X
The primary charge on Pt(ll) induces a dipole in T, which in turn also induces a dipole in
the metal. The induced dipole by T from the metal is oriented in such a way as to repel the
negative charge in X. As a result, the attraction of X towards Pt(II) is reduced, the Pt-X
bond is lengthened and consequently weakened. This theory explains the parallelism
between the magnitude of the trans influence of T and its polarizability. It also predicts
that the effect will be more important if the central metal is polarizable. This prediction is
supported by the experimental observation that Pt(II) complexes are more polarizable than
their Pd(II) counterparts.f"
However, this electrostatic theory has several shortcomings. For instance, the induced
dipole on Pt(ll) should depend on the net charge of T more strongly than on the induced
moment, which in turn will be greater if the Pt-T bond is short. This suggests that cr will
have a larger trans effect than f . This is not true, in reality this shortcoming is overcome
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by taking covalent bonding into consideration. The covalent bonding has been accounted
for in theM O. theory?
The Molecular Orbital Theory (or 1C- and (i-Effects
The Molecular Orbital (M. 0 .) theory offers the best explanation of the 1t and a-bonding of
square-planar complexes . The M. O. diagram of Ptell is simplified in Figure i.s.' The
most stable orbitals are a bonding and are located mainly on the four chlorine groups,
followed by the n-bonding orbitals, both ofwhich are present in the four chlorine groups.
The antibonding partners of these a- and Jr-bonding orbitals, namely a" and ;r* are the
next in order of stability, and are derived from the 5d atomic orbitals of Pt(II). They
consist of the four relatively stable MO's with the probable order of stability being Jrxz· ,
Jryz. , a " * and Jrry*, and the relatively unstable a ,,?_y' • orbital. The p, valence orbital
which is not involved in o bonding, and the antibonding orbitals a/, ax· and ay. exist at
higher energies.
PI __ PI c~- atIIlaII Cl crllltais








~ / a)_,' \'
1 I I'
6s J I I "
~; I I,'
'I' I ,
• I " I I,
, I , , I ,
" ~,' Tq • "1
,~ / \ ,, ~\
~/i," cr,··\,l~
" f , \ , "
I "v'" \ \' 't
!U '~~" w;. , .,1,
~'_l_- ,,,',
'.--' \ "0- \, \"
l" \I " I




\ '" . \
" I,~, r\ " ' ----




I ... arbilall I
Figure 1.8 The M 0. diagram of[PtCI42-.
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Making use of this type of bonding scheme, a and 1t trans effects can be explained as
follows:
a) a trans effect. Taking the geometries of the atomic orbitals into consideration, of
the four metal valence orbitals (d X 2_y2 , s, Px and py) used in (Y bonding in a square planar
complex, only the p orbitals have trans directional properties . This implies that the trans
ligand T and the leaving group X in trans-Pt(T)L2X must share the same (Yx orbital in the
overall M.O. arrangements. It follows that a strong o-bonding ligand T will take on the






Figure 1.9 The (Y bonding ofL-Pt-X, using the (Yx MO. (a) The o-bond strengths ofL
and X are about equal. (b) The a-bond strength ofL is much greater than
thatofX.
This means that the Pt-X bond is weakened , as was also predicted by the polarization
theory. Such a result is expected to lead to an increased rate of replacement of X
regardless of the mechanism of the substitution reaction. According to Langford and
Gral,4,ll the increase in the stabilization of the transition state of the trigonal bipyramidal
intermediate results from more orbitals being available for a-bonding. Only one p orbital,
that is, P» is used to bond the trans ligand L-Pt-X on the x-axis of the square-planar
complex. As a result, addition of the incoming ligand (Y) to form a trigonal-bipyramidal






Figure 1.10 The a-trans effect due to a stabilization of the trigonal bipyramidal
intermediate. Only one p orbital is available for a bonding of two ligands in
(a) andp orbitals are suitable/or a bonding in (b) .
This trigonal plane now consists ofp orbitals namely, Px and P, suitable for bonding. A
good a-bonding ligand such as H- and CH3 - can use the extra p character to form the a
structure in the trigonal bipyramid which have high trans effects.
b) x trans effect. Ligands such as C2:H4, CO and CN, which form strong x bonds may
also be explained in terms ofM. O. theory. In a square-planar complex only three M.O.'s ,
the Xxz*, Xyz * and XX}'* have proper n-bonding. The formation of the trigonal bipyramidal
transition state involves the n-interaction of four M.D.' s ofcorrect symmetry namely, Xxz*,
Xyz * and XX}'*, and JrX 2 _ y 2 *. All of these orbitals are shared in x bonding by the trans
ligand(s) T, the leaving group X, and the incoming group Y in the trigonal plane.
Therefore, the trigonal bipyramidal transition state would be greatly stabilized if T is
capable ofbonding to the x* orbitals .
The bonding of T to the x* orbitals results in delocalization of electronic charge to the
ligands and lowering of the system's energy. Since there are more filled x* orbitals in the
transition state than in the ground state, the transition state is stabilized to the greater
extent. The net effect ofa good x-acceptor ligand L is to lower the activation energy ofthe
reaction. The contribution of a and x bonding abilities is determined by the nucleophilic
16









, CO> CN - > CN- > NO; > SCN - > r > Br" > cr > NH 3 > OH-
The trans effect has found potential use in synthesis of various platinum compounds.
Scheme 1.1 illustrates the use of the trans effect in synthesis of cis- and trans-isomers of
[Pt(NH3)N02Ch] from [PtCI4t ,NH3 and NO z- . 10, 11
cis-isomer
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Scheme 1.1 Utilization of the trans ability effect in the preparation of the cis- and
trans-isomerof[Pt(NH3)NO£ hj.
The scheme indicates that the order of addition of reagents can influence the product
geometry in reactions. The combination of the trans effect, incoming group and the
leaving group led to the observed products in these reactions. These reactions also indicate
the greater trans ability effect of chloride over ammonia and of nitrite over chloride. The
trans effect has also been applied to explain the differing chemical behaviour of cis and
trans isomers of [PtL2X2]. The cis-[Pt(NfhhCh] reacts with thiourea (TV) to give
[Pt(TV)4]Ch,whereas the trans isomer gives [pt(TU)z]Ch.4
1.4.1.2 The cis Effect
For square-planar complexes the trans effect dominates the cis effect.78, 82 89 The cis effect
becomes important if the cis ligands are bulky because of their proximity to the site of
replacement." For example, the rate of substitution of chloride from cis-[pt(pEt3)2LCI]
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with pyridine when L = Cl" , C
6H 6
- and CH3- was observed to increase in the following
order: Cl' (1.7 xl02 S·I) < C
6H 6
- (3.8 X 102 S·I) < CH3 - (6.0 x 10 2S·I).1 The sequence
for the cis effect for various ligands was observed to be as follows:
89
Cattalini et af3 studied the kinetic displacement of the chloride in the [Pt(Me2SO)(en)Clt
and [Pt(NH3Xen)Clt (Me2S0 = dimethylsulfoxide, en = ethylenediamine) by various
incoming groups in aqueous solution at 25°C. They found that these complexes have
similar reactivity, with the Me2SO complex being at least one order of magnitude more
labile than that of ammonia. Further, they pointed out that the greater cis effect stems from
the greater nucleophilic discrimination factor of the complexes which will be discussed in
greater detail later.
1.4.2 The Steric Effect
Studies of the effect of the steric factors on the rate of reaction of platinum(ll) complexes
have played a major role in determining the mechanism of their substitution reactions .i"
Recently, interest in kinetic studies of sterically hindered square-planar complexes have
increased since the discovery of factors that may cause the mechanism mode of square-
planar Pt(IT) complexes to change from an associative mechanism to a dissociative
mechanism.t" 86 Massive steric hindrance is thought to be a way of stabilizing a three-
coordinate d8 state thereby favouring a dissociative mechanism.f
It has been observed from various studies that the rate of aquation or water exchange on
aquated platinum (IT) complexes is a factor of lOS_106 lower than the palladium(ll)
analogue. van Eldik et afT have demonstrated that the rate of the substitution reaction of
water from [pd(Rsdien)H20]2+ complexes may be decreased by at least four orders of
magnitude to match that of their platinum analogues in going from R = H to R = Et by
introduction of steric hindrance. The substitution reactions of [pd(dien)Clt with various
nucleophiles are lOs times faster than reactions of the corresponding [pd(X-dien)Clt
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where X = E14 or MeE14.99 These observations point to the fact that the rate of substitution
on Pd(II) can be decreased by introduction ofsteric effects on the substrate.
There is little information regarding the studies of steric effects on platinum(II) complexes
due to the fact that the systems become extremely slow. Complexes such as trans or cis-
[Pt(pEhhRX] where R = alkyl or aryl and X is the halogen have been investigated to
determine the steric effect on both the rate of substitution and the mode of rnechanism." It
was found that the cis complex underwent a cis to trans isomerization in methanol which
proceeded via a dissociative asynchronous mechanism whereby the Pt-X breaking step
was the rate-determining step.'?"
1.4.3 Incoming Group Effect (Xl
The nature and the concentration of the incoming ligand Y have been found to have an
effect on the rate of substitution of square-planar complexes. It has been mentioned
already that under pseudo-first order conditions, the experimental first-order rate constant
k obs depends on the concentration of the incoming ligand . The dependence of the rate
constant on the entering ligand supports the fact that square-planar reactions proceed via
an associative mechanism. The sensitivity of [Pt(T)L2X] substrate on the incoming ligand
is given in terms of nucleophilicity of the incoming ligand t»;0) defined by equation
(l.5).
(1.5)
where ky is the second order rate constant (M-l s") for a given nucleophile and ks is the
first order rate constant (s"). About 30 years ago a standard nucleophilicity scale was
introduced based on the rate of substitution reactions of chloride in the neutral standard
substrate trans-[Pt(py)2Ch] with various nucleophiles in methanol at 30 0c.88, 89 Since
then much of the kinetic data for platinum complexes have been rationalized in terms of
equation (1.5).
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It was observed from various investigations that the nucleophilicity of the incoming ligand
n 0 depends on one or a combination of the following factors : the steric hindrance,pt
biphilicity of the ligand, and charge effect. 88,89 Ligands such as thiourea, SCN and SeCN
which are biphilic90 were found to be less reactive toward cationic platinum(ll) complexes
than predicted. However, these nucleophiles may be more reactive than predicted for the
corresponding dianionic substrate." This is due to the effect of charge on the n-basicity of
platinum and the degree ofback donation to these nucleophiles in the transition state.
Plots of log ky for other Pt(ll) complexes against npl
o with a wide range of nucleophiles
yields linear free energy relationships (LFER).l Such a LFER is given by equation (1.6).
(1.6)
The slope s depends on the complex and is called the nucleophilic discrimination factor . If
the value ofs is large it implies that the rates of reaction are very sensitive to the nature of
the entering group." The intercept log k, is the measure of the intrisic reactivity. A large
negative intercept is the case whereby the solvent rate constant it too small to detect. A
low value of the intrisic reactivity is associated with very fast reactions and hence a high
nucleophilic discrimination factor.
1.4.4 Leaving Group Effect (X)
In order to monitor the effect of the leaving group on the rate of substitution, one needs to
keep the cis and the trans effect constant. If the rate of substitution of X from the metal
complex inversely parallels the M-X bond strength, this implies that there is a certain
amount ofM-X bond rupture in the transition state. Therefore, it is important to assess the
ease of replacement of X from the metal complex. The reactions of substitution of various
X from [Pt(dien)Xr with pyridine in aqueous solution indicate that the rate increases in
the following order as X is changedr"
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This order is similar to the inverse of the trans effect. The spread in rates of approximately
106 in this series of reactions shows that the leaving group has a major effect on the rate of
reaction indicatinz that considerable Pt-X bond breaking is involved in forming the, I:> ~
transition state. The same order was found for the reactions of [Pdrterpy'X]" and
[pd(dien)Xr with the same incoming ligands at 25 °C.92 Further, this series illustrates that
strongly bound ligands such as CN, N02-, dissociate more slowly from the trigonal
bipyramidal intermediate.
1.4.5 The Solvent Effect
It has been mentioned above that the rate law of a square-planar substitution reaction
consists of two-terms : a term (k1) which results from the attack at the Pt(II) centre by the
solvent to form a solveto species which is readily attacked by the nucleophile to form the
product, and a second term (k2) resulting from the direct attack at the Pt(II) centre by a
nucleophile to yield a product. The importance of these terms depends on the solvent in
which the reaction is carried out. Early kinetic studies on substitution reactions of square-
planar complexes have shown the importance of the solvent effect.93
If a reaction is performed in a coordinating solvent, such as DMSO, the path which
involves the solveto species becomes important. Palmer and co-workers'" have reported
the substitution of cis and trans bromomesitylbis(triethylphosphine)platinum(II) with
thiourea in methanol, ethanol, dimethylsulfoxide and acetone at 30°C. They have found
that the rate of substitution in ethanol for the trans isomer was dominated by the k2 term,
whereas for the cis-isomer, the k: term was more dominant in DMSO.
1.5 The Bioloeical Importance of Pt(ID Complexes
During the course of an investigation on the growth ofEscherichia coli bacteria under the
influence of an electric field, in the early 1960's 14, Rosenberg and colleagues discovered
cisplatin (cis-[PtCh(NH3)2]), a now widely-established antitumour drug Figure 1.11.7,95, 96,
97, 98, 99, 106
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Figure 1.11 Structure ofcis-diamminedichloro platinum(II) (cis-[Pt(NH3)£hJ) .
The investigation involved the generation of an electric field between two inert platinum
electrodes immersed in an aqueous solution of Nl4CI as an electrolyte in the presence of
Escherichia coli bacteria. Under these experimental conditions, they observed no bacterial
division, instead there was a strong filament growth of the bacteria to 300 times its normal
length.14, 7 Thus cell division was inhibited while cell growth was unaffected."
Initially, it was thought that the electric field was responsible for the filament growth.
However, subsequent experiments proved that the filamentous growth was not caused by
the electric field , but by the presence of a small amount of Pt(IV) compounds in the
solution." Amongst these compounds were cis-PtCI4(NH3)2 and [ptCI6t .
9
, 15 These
compounds formed from the Pt electrodes and the corroding Nl4CI under the influence of
an electric field. Complexes cis-PtCI4(NH3h and [PtC16t have been shown to inhibit cell
growth, the former having a small inhibitory effect on the growth rate and the latter being
very effective at low concentrations (approximately 10 ppm)," From microbiological
studies, it turned out that the complex cis-[PtCh(NH3)2] was the most active species
responsible for the growth ofthe filament.i" 15
Various platinum complexes such as cis-bis(ammine)platinum(II) and cis-platinum(IV)
complexes were also found to induce filamentous growth in bacteria. Even though these
cis-platinum complexes were observed to induce filamentous growth, their trans isomers
were found to be inactive. The trans complexes have been reported to suppress bacterial
growth at high concentrations.14
Due to the fact that cisplatin suppressed cell division without killing the bacteria it was
deduced that it was capable of inhibiting the rapid growth of tumour cells." The
antitumour activity of cisplatin and other platinum complexes such as cis-[PtCI4(NH3h],
[Pt(en)CI 4] , [PtCh(en)] and [PtCI4(en)] which also induce filamentous growth in bacteria
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were subsequently tested on animal tumours and found to be active towards tumours such
. S · h' . 14 15as sarcoma 180 In WISS w ite mice . '
Following the successful animal testing cisplatin was introduced for clinical trial in 1971 .
7
,
100 In 1978 cisplatin was approved by the United State Food and Drug Administration
. . al S:: ' I d' 14 15 101 102(FDA) for clinic use as a treatment lor testicu ar an ovanan cancer. ' , ,
Currently, cisplatin is a commonly used antitumour drug? About 30,000 patients in the
USA are cured each year using the drug", generating annual sales worth 500 million U.S .
dollars.f 103 This drug has also been found to be successful in the treatment of cervical
carcinoma, lymphoma, osteosarcoma, melanoma, bladder carcinoma and neuroblasta
cancer.7,15
Although cisplatin may be highly effective in the treatment of ovarian and testicular
cancers, severe toxic side effects have limited its use ?4, 25, 104 The most dominant side
effects include nausea, vomiting, bone marrow toxicity, neurotoxicity and renal toxity .15,
105 The other problems associated with its use are : certain malignant tumours become
resistant to it, its low solubility in aqueous solution and the fact that it is administered
intravenously.f?' 100, 106 All these problems are inconvenient to patient treatment and have
led to its limitation in clinical use .
Thousands of novel platinum(ll) and (N) complexes have been synthesized and their
antitumour activity assayed with the hope of reducing some of the problems associated
with cisplatin." 107, 108 The thinking relating to platinum(N) complexes is that their
kinetics are much slower than those of platinum(ll), hence they can be administered orally
since they are not likely to be degraded too early in the gastrointestinal tract. 106 The
development of these novel platinum drugs leads to an alteration of the pharmacokinetics
of cisplatin by replacing the labile chlorides by other leaving group ligands, and extending
the ligand ammine group to a series ofcyclic or acyclic alky l ammines.I09, 110 This resulted
in a second generation ofantitumour platinum complexes.
Examples of these second generation anti tumour platinum complexes include complexes
such as carboplatin (diammine[l , l-cydobutanedicarboxylato(2-)]-0,0 -platinumfll)
which displays similar antitumour activity as cisplatin with less toxicity." Because of its
lower toxicity it is widely used for the treatment of ovarian tumours and certain lung
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carcinomas.f 101 However, due to its lower solubility and stability, this drug is still
administered intravenously.H)6 These shortcomings led to searches for better platinum
antitumour complexes with lower toxicity, greater stability and a different mode of
administration.
The structure of carboplatin and some of the second generation antitumour complexes
namely, lobaplatin [(1,2-di(aminomethyl)cyclobutane-platinum(ll)lactate], spiroplatin
[(aqua(1 , I-bis(aminomethyl)cyclohexane)(sulphato)-platinum(II)], and iproplatin [cis-
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Figure 1.12 Structures ofsome platinum antitumour complexes.
Lobaplatin has shown positive activity in treating larger cell carcinomas in lung, stomach,
breast, and ovarian cancers while spiroplatin was found to be inferior in humans."
The early research linked the antitumour activity to the structures of the complexes. Clare
and Hoeschele developed structure-activity relationships (SAR) based on the new
platinum drug complexes," The SAR required that for the platinum complex to have
antitumour properties it had to exhibit the following structural features r" 9, 15,70, % , 107, III
a) The two amme groups must have cis-geometry with a general formula
[Pt(X2)(Am)2] for Pt(II) and [Pt(X2)(Y2)(Am)2] for Pt(IV) complexes with X and Y
as the other ligands.
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b) The ligand X had to be an amon preferably consistmg of groups that have
intermediate binding strength to Pt(II) , for example Cl', sol- but not CI04- or
N03- because of their highly toxic nature. Furthermore, X had to have a weak trans
effect to avoid labilizing the amine. Complexes with inert leaving groups were
generally regarded to be inactive. In the case of Pt(IV), the Y group was often
preferred to be Off.
c) The amine group, in the form of a monodentate or bidentate ligand, had to have at
least one N-H moiety. The requirement for the N-H moiety is not fully understood.
However, it is thought to be responsible for the hydrogen bonding interactions
towards DNA.
The SAR dominated the development of novel platinum drugs complexes for about 20
years.i Since then, a number of platinum(II) anti tumour complexes which violate the SAR
requirement have been reported, for example, platinum organoamides containing pyridine
ligands and complexes containing bis(imidazole)ligands have shown that it is not a
necessity to have hydrogen bonding interaction for platinum antitumour drugs to be
active.70, III
Furthermore, although the trans-[Pt(NH3hCh] (transplatin) has been found to be
therapeutically inactive, it has been observed that when the ammine is changed to a planar
ligand such as pyridine or quinoline, the cytotoxicity of the trans geometry was observed
to increase drammatically in comparison to that of both cis and trans isomers of
[Pt(NH3hCh].107, 112 For example, platinum(N) compounds with the trans configuration,
trans, trans, trans-[Pt(NH3)(C-CJIllNH2)Ch(OH)2] also known as JM-335 was tested to
be antitumour active.106
Recently the search for new antitumour platinum compounds has been based on dinuclear
platinum compounds of the general formula [(PtCln(NH3h_nh(Il-H2N(CH2)x(NH2)]2(2-n)+
where n = 0 - 3, x = 4 - 9. These have been found to be active against cell lines resistant to
. I . 95 113 114 115 T . I d I I' 7
CISP atm. ' " nnuc ear an tetranuc ear p annum complexes are also known. Qu
and co-workers116 have reported the synthesis and characterization of trinuclear platinum
complexes consisting of three cis-Pt(ammineh units linked together in a linear manner.
These complexes have been shown to interact with DNA. 113
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As the search for new platinum antitumour drugs with high antitumour activity and less
toxicity compared to cisplatin continues, intensive effort is also devoted towards the
understanding of the mechanism of action of anticancer activity of cisplatin and new
complexes.
1.5.1 The Mechanism of Antitumour Activity of Cispiatin
The working mechanism of cisplatin has been studied intensively by chemists as well as
biologists, biochemists and medical researches over the last decade." IS, 14 Various
methods such as UV-visible spectrophotometry and Nuclear Magnetic Resonance
(NMR)ll7 have been employed to monitor the interaction of the platinum complexes with
DNA Evidence pointed out that the antitumour activity of cisplatin is related to its ability
to bind to DNA24, 96, 98,118,119
In general there are a variety of binding sites available to heavy metals on DNA 14 Metals
may covalently bind to the negative charge of the DNA bases such as purine and
pyrimidine, while planar molecules such as [pt(terpy)(HET)f can intercalate between
DNA bases. 14, 17 Cisplatin has been shown to have bifunctional binding modes with DNA
whereby it cross-links between two bases on opposite strands of the DNA helix, DNA-
protein cross links or intrastrand cross link between two bases on the same DNA strand as
shown in Figure 1.13.14
DNA· Pro lei" Crouli""
Figure 1.13 Bifunctional binding modes ofcisplatin with DNA .
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These modes of interactions have been thought to be responsible for cisplatin antitumour
activity .
From in vitro and in vivo experiments it has been found that the binding of cisplatin to
DNA proceeds through a sequential replacement of coordinated water by N7 atoms of
guanines or adenine to form 1,2 intrastrand (GG) cross-link in 60-65 % as the major
adduct.97, Ill, 117, 120, 121, 122, 123 As a result the therapeutic effect of cisplatin is believed to
depend on the formation of the GG intrastrand cross-link. 124 The schematic diagram
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Figure 1.14 Schematic presentation ofassumed mechanismfor cisplatin-DNA
interactions.
It has been suggested that when cisplatin is administered into the blood it may not be the
active species, rather it is converted over a period of time to the actual drug. In aqueous
solution cisplatin undergoes hydrolysis whereby the two chloride ions which are very




Martin and Lee 15 highlighted that at high pH and Pt-concentration, hydrolysis of cis-
[PtCh(NH3hJ can lead to the formation of dinuclear and trinuclear hydroxo-bridged Pt-
species as shown in Figure 1.15. Under biological conditions these hydroxo-bridged
species rarely form, and since water is a much better leaving group than chloride or
hydroxo, the aqua species are suspected to be the most likely to react with the DNA 14
Figure 1.15 Hydrolysis scheme ofcisplatin.
The process of hydrolysis is more favoured inside the cells than outside the cells. This
results from the fact that at high pH, in aqueous solution cisplatin will loose cr and an
aqua and/or hydroxo ligand becomes coordinated. Outside the cell there is high
concentration of cr (approximately 100 mM, whereas inside the cell the [Cl] is about 4
mM) 14, 25, and as a result hydrolysis is largely prohibited.15
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The in vitro kinetic experiments have shown that the first step towards the binding of
cisplatin with the DNA is first order with a rate constant corresponding to the hydrolysis
of cis-[Pt(NH3hCh] to cis-[PtCI(NH3h(OH2)t 117 Hence, hydrolysis of cisplatin is the
rate-determining step, controlling the time dependence of platinum binding to DNA. 14, 15,
71, 64 The rate constants for the first and second hydrolyses as represented by equations
(1.7) and (1.8) have been determined to be kl = 2 X 10-5 and k2 = 3 X 10-5 S-I,
. I 14respectI ve y.
The formation of a diadduct from the interaction of the Pt-complex and DNA causes a
distortion of the double helix, which leads to the disruption of the cellular replication.l"
Studies on the binding mode of transplatin to DNA, revealed that trans-[pt(NH3)2Ch] has
a different DNA binding mode from that of cisplatin. Transplatin forms the 1,3 intrastrand
(GNG) cross-link, which tends to rearrange to form the bifunctional interstrand adduct as
shown in Figure 1.16. This is thought to be responsible for the therapeutic inactivity of
transplatin . 125
Intrastrand Interstrand
Figure 1.16 The cross-linkadducts ofthe trans-[Pt(NH3J£h}-DNA interaction.
Therefore, the antitumour activities of a large number of trans compounds reported, which
are active in vitro and in vivo could be accounted for by the isomerization of the trans
compounds to an active cis isomer.i' 14
1.5.2 The Interaction ofPt(n) Complexes with S-donor Ligands
Due to the widespread use of transition metal complexes containing metal-sulfur bonds in
biology, environment and industry, a fundamental understanding of the general chemistry
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J:'. f i .. th d ad 126, 102 It hof such complexes has been the lOCUS 0 invesnganons over e past ec e. as
been reported that when cisplatin is administered into the blood by injection or infusion it
tends to interact with the sulfur donors present in the cell before it reaches the target
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Figure 1.17 The proposedpathway mechanism ofcisplatin in vivo .
In general S-donor ligands have a high affinity for platinum, and the Pt-S bond is
relatively inert.127 Therefore, it is expected that the reactivity of the platinum complexes
with the sulfur donors will be greater than their reactivity with the nitrogen donor ligands
such as adenine and guanosine . Cisplatin has been observed to react with sulfur containing
biomolecules such as methionine, cysteine and glutathione to yield Pt-S products . The
accumulation ofthese Pt-S products in vivo is believed to be responsible for the toxicity of
cisplatin.98, 128 The interaction between cisplatin and sulfur donors is believed to deactivate
the drug before reaching the targeted DNA.
Although the interaction of the platinum compounds with the sulfur donor biomolecules
has been associated with negative phenomena such as resistance and toxicity in antitumour
treatmentj" recently Reedjik l21 highlighted the importance of Pt-sulfur interaction . He
suggested that such interaction could serve as a drug reservoir for platination at DNA. He
further proposed two pathways towards platination of DNA. The pathways involve direct
nucleophilic displacement of platinum from the sulfur by the guanine-N7 group or the
spontaneous release of the platinum from the sulfur followed by the reaction with DNA.
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To understand the above mentioned pathways several studies were carried out using
complexes of the type [M(NNN)CI]CI , [M(NNN)H20f +[where M is Pt or Pd and NNN
denotes diethylenetriamine, terpy or bis(2-pyridylmethyl)amine] and [Pt(en)CI]CI. 80, 129
The complex [Pt(dien)CI]CI was preferentially used for these studies because it is readily
available and forms relatively stable complexes with S-donor ligands.lOS
Competitive intramolecular and intermolecular studies between Pt-S of the protein bound
such as cysteine and methionine residue and Pt-N mainly that of guanine-N7 bonding
have been investigated.F" Most of these studies were conducted using molecules such as
S-adenosyl-L-homocysteine (SAH), S-guanosyl-L-homocysteine (SGH), methionine,
methylated glutathione (GSMe), and S-methyl-glutathione (GS-Me) as the sulfur donor
ligands and guanosine 5'-monophosphate (5 '-GMP) as the N-donor ligand. The relatively
easily available ligands such as SAH and SGH were chosen by Lempers for
intramolecular studies while GS-Me and 5'-GMP were used as models for intermolecular
studies.! " Figure 1.18 contains structures of some of these S and N donors ligands
namely, SGH, SAH and GSMe. The other sulfur donors have been applied as N7-
containing models for DNA. 121
Figure 1.18 Structures ofSAN, SGH and GSMe.
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Reedjik and co-workers'f'" 11 have investigated a number of reactions between
[Pt(dien)Clt and [Pt(dien)OHzf+ with glutathione (GSH), 5'-GMP and GS-Me. They
found that the reaction of [pt(dien)Clt with GSH occurred via a two-step reaction . The
first step involves the reaction of the mononuclear unit [pt(dien)Clt to the sulfhydryl
group forming (1) in Scheme 1.2, and the second step involves the binding of the second







Scheme 1.2 Reaction mechanism between the [Pt(dien)C1JCl and the GSH.
This reaction was observed also to be pH dependent. The Pt complex has been shown to
have a high affinity for the sulfhydryl group over the pH ranges of2 to 12. At pH less than
7, the rate of the second platinum binding is fast compared to the first platinum binding
step . At pH greater than 7 the rate constant of the first platinum binding step was observed
to be faster than the second one. The reaction of SAH with an equivalent of [Pt(dien)CI]CI
was also shown to be pH dependant. At pH less than 7, SAH platinated at the sulfur atom
only to form [Pt(dien)(SAH-S)]z+. However, this product isomerizes quickly to form
[pt(dienXSAH-N)t at pH greater than 7, with a halflife, t1lZ, often minutes. When SAH
was made to react with two equivalents of [Pt(dien)CI]CI at a pH in the range from 2 to
6.5, a dinuclear complex was also formed [{Pt(dien)}z(SGH-S,N7)]4+.
From these studies it was concluded that even if the platinum drug complexes react with
the sulfur donor ofa protein bound molecule, the N7 atom of the guanine intramolecularly
replaces the sulfur atom in the platinum-sulfur adduct. 80 Reedjik et all ZO mentioned that
this type of indirect DNA platination is limited to platinum-thioether adducts since
platinum-thiolate adducts were shown to be unreactive towards the N-7 atom ofguanine.
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1.5.3 The Antitumour Protection Groups
As already mentioned, the major problem with the use of cisplatin is its toxicity, ill
particular its nephrotoxicity. The cis-Pt bonds to the sulfhydryl groups of the cysteine
residue result in the deactivation of certain enzymes. This is the source of the
nephrotoxicity of cisplatin.Y'' 80 This problem was reduced by using the cisplatin analogue
carboplatin, which unfortunately also has clinical limitations.
In order to reduce the toxicity of the platinum antitumour drugs, the so called "rescue
agents or protecting groups" have been developed. These compounds contain sulfur
donors, and are co-administrated with the antitumour drug without affecting the drug
antitumour activity.4, 27, 30, 47 Examples of these protecting groups include sodium











Figure 1.19 Some protecting groupsfor the platinum antitumour drugs.
The study by Allu et a/ l3l involving rats proved that both trans- and cis-Pt complexes do
bind to thiol groups of proteins. They showed that the addition of 2-mercaptoethanol
prevented the binding process but did not reverse it. This outcome led Borch and
Pleasants121 to suggest that the sulfur compounds shown in Figure 1.19 (i.e . the rescue
agent) might play a role in reducing the toxicity of Pt-complexes in the treatment of
tumour cells. The protective effects of these compounds are due to the prevention or
reversal ofPt-S adducts in proteins.
Reactions of these rescue agents with Pt(ll) complexes have been reported.7, 27, 132. The
rate constants for the reaction of [Pt(dien)Clt with Naddtc, thiourea and STS were found
to decrease in the order: Naddtc > thiourea> STS. The result supports the findings that
Naddtc is the most effective rescue agent. It is documented that STS reduces
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nephrotoxicity, between the period of 1 hour prior and 0.5 hour after cisplatin
administration, while Naddtc is effective between 1-4 hours after administration.
PARTB Substitution Reactions of Ru(II) Polypyridine Complexes
1.6 The General Chemistry of Ruthenium Complexes
Ruthenium belongs to Group 8 in the periodic table along with osmium and iron . It has
[Kr] 4d 7 5s 1 electronic configuration. Although, ruthenium is rare, it is the least expensive
of the platinum group metals (pGMl, the other PGM's being platinum, osmium,
palladium, iridium and rhodium. Furthermore, it is commercially available in several
forms. The chemistry of ruthenium more closely resembles that of osmium than that of
iron.10
Ruthenium forms complexes of different oxidation states and geometries with various
ligands. Examples of some of these complexes include [Ruo(CO)5], [RuDHCI(PPh3h ], and
[Rulll(terpy)Ch] and KRuvF6 with geometries of trigonal bipyramidal for the first and
second complex and octahedral for the last two complexesl" Synthesis of most of these
complexes begins with [(NH3)~u]Ch or RuCh-3H20 which is actually a soluble mixture
ofRu(III) and Ru(IV) complexes rather than a pure Ru(III) complex."
In aqueous solution only Ru(lI) and Ru (III) predominate, and the most stable complexes
are those containing N-donor ligands." As a result the coordination chemistry of ruthenium
complexes containing nitrogen donor ligands such as terpyridine, bipyridine, and ammonia
has received much attention over the past decades. Most of these complexes have found
potential use in various areas such as in the development of several branches of chemistry,
for example, in photophysics and photochemistry, 133, 134 electrochemisrry.P': 136, 137
electron transfer138, 139 and in establishment of the tralls-Iabilizing order for ligands (L) in
octahedral complexes" Some of the ruthenium complexes such as cis-[Cb(NH3)..RuIII]Cb
and (HIm)[tralls-(lmhCI..Ru lll ] (1m is imidazole) have shown a direct correlation between
cytotoxicity and DNA binding and hence are representative of ruthenium ammine
anticancer compounds.140
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Most ruthenium(ll) complexes containing polypyridine ligands such as terpy, bipy and
phen are associated with strong metal to ligand charge transfer (MLCT), charge transfer
absorptions and long lived excited states .'?' As a result , ruthenium(ll) polypyridine
complexes have been used as chromophores for the study of photoinduced electron and
l.':. I I bl d si ali b ' 142 143energy transter III mo ecu ar assem es an SIgn ing su units . '
Recently, ruthenium(ll) complexes containing polypyridine ligands such as [Ru(phen)3]2+
(phen = phenathroline), [Ru(bipyXdppx)]2+ (dppx = 7, 8-dimethyldipyridophenazine) and
bipy = bipyridine) and [Ru(bipyhDPPZ] (DPPZ = dipyrido[3 ,2-a:2',3'-c]phenazine) have
been reported to act as "molecular light switches" .144, 145, 146 In aqueous solution the
luminescence of these complexes was completely quenched, whereas in the presence of
DNA they gave an intensive luminescence.
Dinuclear ruthenium(ll) polypyridine complexes such as [{Ru(phenh(/l-HAT)h] where
HAT is 1,4,5,8,9,12-hexaazatriphenylene have also been found to enhance the
luminescence slightly in the presence of DNA and the luminescence was increased
intensively in the presence of denatured DNA. As a result these kinds of complex have
found application as probes for the structure ofdenatured DNA.
Ruthenium(ll) polypyridine complexes have also proven useful as precursors for high
valent oxo complexes, which in tum are potent and efficient oxidants.147, 148, 149, 150
Ruthenium high valent oxo complexes such as [Ru(terpy)(bipy)O]2+ have been shown to
be capable of oxidizing most organic substrates" such as olefins to epoxides'Y,
polyfunctional molecules such as carbohydrates'j" 154 and alcohols to corresponding
aldehydes. It has been long established that most high valent oxo transition metal
complexes are capable ofacting as oxidants, common examples include Mn04-, Ru04- and
Cr03.
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The laboratory efficiency of these oxidants is hampered mainly by their lack of selectivity,
which results in poor product yield and also by their impractical use as catalysts.r" For
example, to oxidize alcohols to their corresponding aldehydes or ketones without any
further oxidations to carboxylic acids, the reagents required are extremely dangerous or
harmful e.g. cr03and in other cases high temperature, strong acids or bases are required
to facilitate the oxidation process. High valent ruthenium polypyridine oxo complexes
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offer several advantages towards oxidation of hydrocarbons. These include: high
selectivity in the reactions and the reactions are easy to carry out and can be conducted
d Old di ° 157 158un er rm can mons. '
Thorp and colleagues'j" have also demonstrated the ability of the oxoruthenium complex
[Ru(terpy)(bipy)O]2+to act as an efficient DNA cleavage reagent. They have reported that
the cleavage reaction can be carried by direct treatment of DNA with the active oxo form
or it can be performed by electrolysis at a certain pH and potential . The cleavage ofDNA






Figure 1.20 Catalytic electrolysis reaction for the cleavage of DNA with
[Ru(terpy) (bipy)0 f +.
In order for DNA cleavage to take place there must be excess Ru(II) present. The other
ruthenium polypyridine oxo complexes which have been shown to cleave DNA are
[Ru(terpy)(tmen)Of+ (tmen N;N;N ',N '-tetramethylethylenediamine),
[Ru(terpy)(pyz)O]2+(pyz= pyrazine) and [Ru(terpy)(phen)O]2+(phen = phenathrolinej.P"
Some ruthenium(II) polypyridine complexes have found use as probes for nucleic acid
structure and sites and in the understanding of the mechanism of action of the ruthenium
antitumour drugs with DNA.
1.7 Substitution Reactions on Octahedral Complexes
The octahedral geometry is by far the most common ligand arrangement in six-coordinate
chemistry.'! This geometry is the favoured arrangement for the d3 and low-spin d6
configuration . It is also very common for other configurations of d-block metal ions such
36
as d4 and d9. The octahedra of the d" and d9 do show distortion towards tetragonal due to
Jahn-Teller distortion or towards trigonal prism due to the presence of bidentate ligands
such as oxygen and sulfur donor ligands. I I These kinds of distortions can exert a profound
effect upon the reactivity of the system.
Due to the different geometries expected for the six-coordinated complexes, and the
different oxidation states different modes of substitution reactions can be expected .
However, the bulk of information on octahedral substitution reactions points out that these
reactions involve mostly an intermediate mechanism (Id). I , II Recently it has been found
that the associative mode of activation may be possible for a range of geometries for such
. . II
transinon states.
Various theories have been applied to explain the reactivity trend of octahedral complexes.
These include the valence bond, crystal field and molecular orbital theory.II , 160 The
valence bond theory is based on the energy difference between the t 2g and eg orbitals of the
metal ion. The metal ion that is labile is described as the one containing an empty low
energy t 2g orbital or at least one electron in a high energy eg orbital.
The crystal field theory is based on the calculation of the energies ofvalence d-orbitals of
possible transition states for the substitution reactions . The crystal field stabilization
energy (CFSE) for the ground state and the intermediate are calculated and their difference
is determined which gives the crystal field activation energy (CFAE) for the particular
reaction. The CFSE calculation suggests that the order of reactivity is in the order: (d4, d~
> (d2, d7) > (d', d6) > (dO, d5, dl~ > (d3, d8) .
The molecular orbital model is concerned with the extent to which the ligand based
orbitals are stabilized and metal based orbitals are destabilized as a result of overlap for
both the ground state and the transition state . In the case where there is no z-interaction
with suitable ligand orbitals, there is no disturbance of the extent of a-bonding resulting
from the interaction of occupational metal based orbital with the n-syrnmetry . In the case
where the occupational metal based orbital interacts with the a-symmetry, the stability of
the complex becomes reduced owing to the antibonding character ofthese orbitals .
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Substitution reactions of the octahedral transition complexes cannot be comprehensively
defined as they are for square-planar complexes. The most information gathered regarding
substitution reactions at an octahedral metal centre is for Co(llI), Cr(llI) and Ni(ll)
complexes.1 It is well accepted that substitution reactions on octahedral complexes do not
possess a nucleophilic discrimation that equals that found in the associative reactions of
square-planar d8 metal complexes.i'
Under pseudo first-order reactions, for the reactions under neutral conditions the rate is
dependent on the concentration of the entering ligand (L) at low ligand concentration and
independent at higher concentration of (L). These two conditions can be described by





M + L - M-L (1.10)---
These equations give the following rate law (1.11)
(1.11 )
The term k_1[H20 ] is constant since the reactions are carried out in water. The
mechanism described by equation (1.9) and (1.10) is a dissociative mechanism. In the case
of an interchange dissociative mechanism, equations (1.9) and (1.10) can be represented










Most substitution reactions on octahedral transition metal complexes have been reported
to depend on the spectator ligands that surround the metal centre, the leaving group :x, and
the charge of the metal ion.1 The dependence of the rate on the leaving group is enough
evidence that substitution reactions on the octahedral complexes favour a dissociative
mechanism over an associative mechanism. Furthermore, the activation parameters are
frequently consistent with a dissociative mechanism.
It has been found that an increase in the charge on the complex leads to a decrease in the
rate of substitution, while steric crowding increases the rate of the reaction and that the
rates for the different leaving groups correlate with the bond strength. The effect of the
incoming ligand L on the rate of the reaction is less significant than in the case of square-
planar complexes. Unlike in the case for square-planar complexes the kinetic trans effect
for the octahedral complexes is not fully understood, with the exceptions of chromium(ill)
and rhodium(llI) .1 61 The kinetic trans effects for these two metal ions based on the data
obtained for the aquation of coordinated aquachlororhodium(ill) and
aquachlorochromiun(ill) complexes was observed to follow an order:
OH2 < NH3 < cr < Br' < r
It is clear that there is limited information concemmg the substitution reactions of
octahedral complexes when compared to that ofsquare-planar complexes.
1.8 Substitution Reactions of Ruthenium Complexes
The most studied substitution reactions of ruthenium complexes involve those complexes
with ruthenium in oxidation states (IT) and (ill), in particular Ru(IT).162 Most studies
regarding the substitution reactions of Ru(ll) deal with complexes of the type
[RU(NH3)SX]2+.163, 164 The second order rate constants for the substitution reaction of
[RU(NH3)SX]2+where X = H20 with various neutral ligands at 25°C has been found to fall
in the range between 2.7 to 302 x 10-3 MIS-I . 16S, 166
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Taube and co-workers have shown that substitution reactions of ruthenium(II) complexes
d vi d" . . . h h' 167 168 An h thprocee VIa a issociatrve interc ange mec anism. ' attempt to en ance e
lability of the water molecule in [RU(NH3)50H2]2+ was made by replacing one of the
ammine ligands with a new ligand L to form [Ru(NH3)J-(OH2)]2+, where L represents
CO, N2, isonicotinamide (isn), pyridine (py), CN or solo. Isied and Taube l69 have
reported the rate of substitution of the water molecule from cis- and trans-
[Ru(NH3)J-(OH2)]2+ with isonicotinamide. Their results revealed that these reactions
follow a dissociative mechanism, and that for both the cis and the trans complexes , the
second order rate constant, increased from 10-6 to 10.1M· I S·I in the following L order: CO
< N2< isn < py.
In general the reactivity and stability of the transition metal complexes depend on the
oxidation state of the metal as well as the stereoelectronic properties of the ligand around
the metal centre .l7O Davies and Mullins'{' have studied the conjugation effect of ligands
such as terpy, bipy and phen on the rate of substitution of X from complexes such as
[Rufterpyjfbipy'X]" and [RuX2bipY2] (X = cr or BO in aqueous solution . They found that
the substitution reactions of these complexes occur via extremely rapid formation of the
aquaamines. Furthermore it has been found that the substitution of the aqua group by N02"
and N3' occurs by a measurably slow process at room temperature and the reactions were
not base catalysed .
Allen and colleagues have also reported the rate of substitution of the water molecule from
cis and trans-[Ru(NN)2(H20)X]2+where NN denotes bipy or phen and X = S02, PPh3,
H20, CH3CN and co. 172 For both the trans and cis isomers, the second-order rate
constants for the substitution of water by acetonitrile were found to depend on the type of
X ligand with the order of reactivity being: S02> PPh3> H20> CH3CN > CO. No specific
trans effect was noted, but the rate constants for substitution in the cis isomers were found
to be greater than those for substitution in the corresponding trans isomers by a factor of
10.
Studies looking at the ligand steric effects by Bessel and co-workers 170 on ruthenium(Il)
polypyridine complexes of the form [Ru(H20)(NN)(terpy)]2+where NN = 2,2'-bipyridine
(bipy), 1,1O-phenathroline (phen), 4,7-dimethyl-I ,1O-phenathroline (4, 7-Me2phen), 2,9-
dimethyl-I, 1O-phenathroline (2,9-Me2phen), 2,2 ' -biquinoline (biq) and 6,6 '-dichloro-2,2 '-
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bipyridine (6,6 ' -Cl-bipy) and terpyridine(terpy) have been carried out. The rate constants
for the substitution of the aqua ligand using acetonitrile were determined for
[Ru(lhO)(NN)(terpy)]2+ and a series of [Ru(H20)(bipYh(PR3)]2+, where R = Me, Et, p-
CtJl4F, CJI5, p-Ct#4CH3, p-Ct#40CH3 at 25°C. The steric effect of
[Ru(H20)(NN)(terpy)]2+ was determined by using the same equation used for
[Ru(H20)(bipYh(PR3)]2+ complexes in determining the cone angles of the six bidentate
bipyridyl ligands (NN), hence these cone angles represented the first quantitative estimates
ofsteric ligand effects for bidentate bipyridylligands.
A remarkable increase in the rate of substitution of Ru(ll) by a factor of 1.9 x 10 7 was
reported recently by Huynh et al. I 67 The ruthenium (ll) complex investigated contained
what is known as "scorpion ligands" namely poly(pyrazol-I-yl)alkanes and poly(pyrazol-
l-yl)borates which can act as tridentate or bidentate ligands.
1.9 The Biolo~ical Importance of Ru(II) Complexes
Due to the fact that ruthenium is a platinum group metal and in its lower oxidation states
exhibits a high affinity for nitrogen ligands, it was suggested that some of its complexes
may exhibit antitumour activity." Ruthenium amine antitumour drug complexes such as
[Ch(NH3)~UIII]Ch and (HIm)[trans-[(Im)2CI~uIII] have since been discovered. The
advantages in using transition-metal ions other than platinum include additional
coordination sites, change in oxidation state , alterations in ligand affinity and substitution
kinetics and lastly photodynamic approaches to therapy. 140
Various ruthenium(ll) complexes have been synthesized and screened for their antitumour
activity. Complexes such as the a-Isomer of the dichlorobis(2-
phenylazopyridine)ruthenium(ll), a-[Ru(azpyhCh] have shown remarkably high
cytoxicity against a series ofhuman tumour cell lines.173 The complex mer-[Ru(terpy)Ch]
where (terpy = 2,2 ':6',2"-terpyridine) has also been found to exhibit antitumour activity
midway between that of cisplatin and carboplatin in the L120 cell line and is cytotoxic
against human cervix carcinoma. 140
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There is evidence that indicates that the coordination of ruthenium amine complexes to
nucleic acids could be occuring in a fashion similar to that of diamineplatinum
complexes." The ultimate target for antitumour active ruthenium complexes is reported to
be DNA as it is in the case of antitumour-active platinum complexes.i"
1.9.1 Interactions of RullI) Complexes with DNA
Studies regarding the interaction of DNA with inert transition metal complexes were
investigated by a number of researchers in the hope of developing new probes for three
dimensional nucleic acid structure (i.e . sequence and conformations) and sites, DNA
mediated electron transfer, understanding the mechanism of action of antitumour
h · d d th . 174 175 176 177 R th . (II) I idirut enium rugs an new erapeu1:Ic agents . ' , , . u ernum po ypyn me
complexes such as [Ru(phen)J]2+, [Ru(bipy)J]2+, [Ru(phenhBZZp]2+, [Ru(bipY)2DPPZ]2+
and [Ru(bpYh(dppx)f+ where BZZP, DPPZ and dppx stand for (benzodipyrido[a:3,2-
h:2 ', 3 '-j]phenazine), (dipyrido[3,2-a:2',3'-c]phenazine) and (7,8-
dimethyldipyridophenazine) respectively, have proven to be useful substrates.
The ability of [Ru(phenh]2+ to bind to DNA was recognized first by Barton and her
colleagues.l" They have since proposed two ways in which this complex can bind to
DNA, namely; by intercalation which causes the DNA duplex to unwind or by surface
interaction. In general most of the ruthenium complexes containing u-diimine type ligands
have been shown to bind to DNA by intercalation.!" When ruthenium complexes
containing planar aromatic ligands bind to DNA, they have various advantages. These
include :
1) the ease with which the metal can be attached to the ligand in a controlled manner.
2) strong visible absorbance, due to localized MLCT.
3) luminescent characteristics, in particular their strong fluorescence
4) perturbation on binding to the DNA.
The binding of [Ru(phenh]2+to the DNA double helix is associated with an increase in the
luminescence, which is thought to result from the emission due to MLCT of the excited
state decaying with two different lifetime states. One of these emissions is due to
intercalation (2 us) process while the second one is from the surface bound (0.6 JlS). The
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binding constant of [Ru(phen)J]2+to calf thymus DNA was measured to be 6.2 x 10
3 M-I .
Although a large amount of work has been reported regarding the binding mode of
[Ru(phen)3]2+ to DNA either by intercalative or surface interaction, the binding mode of
this complex to DNA is not yet fully understood. 179
Novel ruthenium(II) polypyridine complexes have been synthesized and characterized in
terms of their binding to DNA. Of remarkable interest were complexes of the type
[Ru(NNhX]2+where NN denotes bidentate phen or bipy and X denotes the ligands DPPZ
or DPP (2,3-di-2-pyridylpyrazine). These complexes were observed to act as molecular
light switches. 145, 180, 181 In aqueous solution the luminescence of the complexes was
completely quenched.l82 In the presence of the DNA these complexes showed an intense
luminescence.
The binding constants for these complexes to DNA are in the range of approximately 106
MI. They also bind to DNA by intercalation with the DPPZ ligand intercalating between
the stacked base pairs . Further, these complexes have been shown to be capable of
promoting oxidative DNA damage. Electron transfer reactions with DNA are essential
since they provide a way of characterizing oxidative damage to the double .helix. This
process requires a proper stacking of the n-orbitals of the heterocyclic nucleobases. When
the DNA n arrays are properly stacked, it mediate the guanine oxidation at sites 200 A
from a remotely bound oxidantl 83• 184
Like the diamineplatinum anticancer compounds, the complex trans-[CI4(Im)2Rur
undergoes stepwise aquation by sequential loss of two chlorides at an initial rate of9.6 x
10-6 S-I at 25 °C, which is accompanied by a drop in pH which may be due to proton loss
from the corresponding aqua complexes.l'" For some ruthenium complexes such as cis-
[CI2(Me2S0)$u] which has been shown to inhibit both primary tumour growth and
metastases ofB 16 melanoma in mice, the substitution rates for the chloride were found to
be similar to those of cisplatin and hence the mechanism of action of this complex is
thought to be similar to that ofcisplatin.i"
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1.10 Aims of the Project
This project is divided into three parts having three different aims as shown below:
Part (i)
The high affinity of platinum compounds for sulfur atoms and their biological importance
has attracted lots of interest among chemists, biochemists , biologists and medical
researchers . Questions such as 'why does cisplatin reach guanine-N7 with competing S-
donor ligands available in the cell?' have been asked. The early papers focused on the
negative phenomena resulting from the interaction between Pt-metal and sulfur containing .~
biomolecules. These phenomena include aspects such as resistance and toxicity in the
antitumour treatment. However, in search for an answer to the above question sulfur-
containing compounds are currently under investigation as "protecting agents" to
ameliorate the side effects of platinum therapy. These include compounds such as
glutathione, cysteine, penicillammine, S-2-(3-(aminopropyl)amino)ethylphosphorothioic
acid, sodium diethyldithiocarbamate and WR-2721 which is already registered in a
number of European countries. Therefore, understanding the interactions between the
platinum complexes and sulfur-containing biomolecules is of crucial importance from a
biological and medical point of view. The first aim of this project was to synthesize and
characterize two platinum complexes namely, [Pt(terpy)(OH2)]2+ and [Pt(bpmaXOH2)]2+,
investigate their substitution reactions with the following sulfur donor ligands, L-eysteine,
DL-Penicillamine and glutathione, and to compare their reactivities.
Part (ii)
In most textbooks dealing with inorganic reaction mechanisms the rates ofwater exchange
on aquated metal ions are used to demonstrate that the reactivity of many platinum(II)
complexes is a factor of 105_106 lower than that of the corresponding palladium(II)
complexes. This reactivity difference can strongly depend on the co-ordination
environment, as well as on the nature of the entering and leaving ligands . The objectives
of this part of the project were to synthesize and characterize [pd(bpmaXOH2)]2+, then
investigate the substitution reactions of [pd(bpma)(OH2)]2+ using stopped flow technique
with the following nucleophiles, TV, DMTV and TMTU The reactivity of this palladium
complex was then compared with that of [Pt(bpma)(OH2)f + studied in part (ii) using the
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same nucleophiles. The underlying aim was to compare their reactivities and to try and
understand how the z-back bonding present on the co-ordinated ligand will influence the
reactivity.
Part (iii)
Ruthenium(ll) polypyridine complexes are a potential basis for the development of new
families of non-radioactive luminescent probes for DNA sequences. Their development
depends on the knowledge and understanding of their reactivity as well as the nature of
their binding to DNA. It was therefore the aim ofthis point of the project to synthesize and
characterize Ru(II) polypyridine complexes namely, [Ru(terpy)(bipy)(OH2)](Cl04)2 and
[Ru(terpy)(tmenXOH2)](CI04)2 and then to investigate their substitution kinetics with the
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The aims ofstudying chemical kinetics are :
(i) to determine experimentally the rate of a reaction and its dependence on
parameters such as concentration, temperature, and catalysts; and
(ii) to understand the mechanism of a reaction, that is, the number of steps involved
and the nature of the intermediates formed.
In general, a kinetic study begins with the collection of data of concentration versus time of a
reactant or product. This can be accomplished by determining the time dependence of some
variable that is proportional to concentration, such as absorbance or NMR peak intensity. The
next step is to fit the concentration-time data to some model that will allow one to determine
the rate constant, if the data fits the model.
This section gives a brief summary of some of the integrated rate laws that were relevant in
this study. It also contains a section that describes two types of instrument used to study the
substitution reactions of the complexes investigated.
2.2 Integrated Rate Expressions
2.2.1 Irreversible First-Order Reactions
Most reactions are either first order or are executed under conditions that approximate first
order. For a first order reaction,
A~Product (2.1)
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the rate of reaction is given by
Upon rearrangement
_ d[A] = k.dt
[A]I
Integrating between t = 0 ([A]o) to t = t ([A]t), one obtains
[Al'd[A] IJ-=-Jk1dt









where [A], and [A], are concentrations at time t = 0 and t = t respectively. A plot of In[Alt
versus t results into a straight line with a slope equal to the rate constant (-k) ) in
-Is .
The advantage of a first-order rate law is that any physical parameter that is proportional to
concentration, viz. absorbance, volume, pressure, conductivity, etc ., can be used directly to
measure the first-order rate constant.
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2.2.2 Reversible First-Order Reactions
Some reactions do not go to completion, i.e. equilibrium is reached
The rate law for this reaction is
A:;:_=~ p (2.8)
d[P] =_ d[A] = Z.[A] _ k [P]
dt dt "1 t 2 t
At time t = 0, [P]o = 0, and [A], = [A],
Therefore
[P]t = [A], - [A]




At equilibrium the net reaction rate is equal to zero . Applying this to equation (2.11) and





Substitution of (2.13) into (2.11) leads to
(2.14)








A plot of In([A]/ - [A]'q) against t will give a straight line of slope - (k, + k2 ) .
To determine the individual values ofk, and k2, one must evaluate the equilibrium constant,
(2.19)
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with the observed rate constant
(2.20)
2.2.3 Second Order Reactions
Second order kinetics plays an important role in the reactions of complex ions . Two types of
second order reactions exist. The first type is when the rate is second order with respect to one
of the reactants and zero-order with respect to the second reactant. The second type that is
considered in this section is a reaction that is first order with respect to both reactants.
A + B~Product
The rate equation can be written as
d[P] =_d[A] =_d[B] =k [A] [B]
dt dt dt 2 I I




To integrate this equation, it is desirable to simplify equation (2.23) by substituting
1 ith 1 {II} .
[AUBlr WI [A]o- [B ]o) [B] I - [Alr so equation (2.23) becomes
1 { I I}--- d[A] =-k2dt[A]o - [B]J [B], [A],
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(2.24)
Through integration ofequation (2.24) one obtains
(2.25)
Thus one needs to know the concentration ofA and B, initially and at any time t, i.e. [A]o, [Blo.
[A]land [B]l in order to determine the second order rate constant k2 ~l S·l). This is in most
kinetic experiments very complicated and time consuming. Second order reactions are usually
studied under pseudo-first-order conditions, i.e. one of the reactants is selected in large excess
such that its concentration remains constant during the reaction.
When [Bjs > [Aj, (at least a 10 fold excess) equation (2.22) can be written as
- d[A] = k [A] [B]




The rate is now a first-order expression and kob, can be determined in the usual way . A plot of
kobs (S·l) versus [B]o will be linear with a slope of k2 ~l S·l).
2.2.4 Reversible Second O.-der Reactions
A reaction starting from A and B which does not go to completion but reaches equilibrium
can be written as:
The forward reaction is second- k2
A B ... C (2.27)
order, the reverse reaction is + ...
k
first-order, which means that the reaction -2 will have a mixed order behavior. This
59
difficulty is usually overcome by selecting pseudo first-order conditions for the forward
reaction , viz. [B]o » [A]o' The treatment of the equation then becomes similar to that of a
reversible first-order reaction.
The rate of formation of C can be expressed as
_ d[A] =_d[B] =d[C] =k [A] [B] - k [C]
dt dt dt 2 I I -2 I
Applying the mass balance:
At any time t
and at equilibrium
Also at equilibrium the rates of the two opposing reactions becomes equal , that is,
this implies that











Substituting for [e]I' followed by replacement of k_2[AL from (2.34) gives
Substitution of [B]I and [B]e III equation (2.34) and approximating that
k2[Alt[A]o~ k[A].[A]o and k2[A]; ~ k2[A]; leads to
d[A]-dt = k2[Alt[B]o - k2[A].[B]o- k_2[A]. + k_2[A]1 (2.36)
= (k2 [B ]o+ k_2 X[A]t -[A]e)
Separation of the variables and integration gives
[Al, d[A] I
f ( ) = -(k2 [B]o+ k-2 )fdt
[Al. [A]t -[A]e 0
which results in
In( [A]I - [A]eJ=-(k [B] + k )t




with kobs = k2[B]o+ k_2 . Thus a plot of kobs versus [BL will be a straight line with a slope of
k2 and an intercept of k_2 • The ratio k2 / k. , represents the equilibrium constant K , and can
be checked thermodynamically.
61
Many reactions exhib it a two term rate law which can either be due to a reversible process as
outlined above, or to two parallel reaction paths of which one is independent of [B].
2.2.5 Pre-Equilibrium with Parallel Reactions-COne Acid-Base Equilibrium)
Many reaction rates are affected by the pH of the solution. The modification of the rate as the
pH is changed is due to the formation of different species with different reactivities. A plot of
observed or intrinsic rate constant resembles the profile for an acid base titration curve.
Typical examples are the aqua and hydroxy complexes. The rate law and the general reaction













= d[M-OH2 +M-OH] =
dt
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Applying the mass balance law it follows that
QM-oH2 ] + [M-oH])
[M-oH] = +] K
[H + a












2.3 Substitution Mechanism of Square Planar Complexes
Square planar complexes have two "open" positions.' The incoming ligand can approach from
either side of the plane. The typical mechanism is associative, but a dissociative process
involving the substitution of cis-PtRzSz (R = Me, ph; S = SMez, S(O)Mez) has been reported':
2, 3, 4
2.3.1 Associative Mechanism
The rate law governing substitution in planar complexes usually consists of two terms, one
first-order in the metal complex (M) alone and the other first-order in both M and the entering
group L. 8
Associative mechanism can be represented as:
M-X + L ::;::::=~
fast
M-L + X (2.47)
Assuming steady state for the intermediate
(2.48)
Under pseudo-first-order conditions, experimental first order rate constant, k
obs
, is given by
with





A plot of kobs against [L] will have a slope k2 and an intercept k., that represents the back
reaction.
The rate and the mechanism, among other things, depend also on the solvent. The rate law for
square-planar substitution reactions where the rate-determining step is solvolytic will include
a term that is independent of the entering nucleophile.
Therefore the mechanism involving the solvent (s) attack can be represented as:






fast ~ ~ fastMX4S -X .. MX3S .- MX3SL
+L
Scheme 2.2 Associative mechanism for ligand (L) as well as solvent (S) attack on a square-
planar complex.
The rate of the reaction can be expressed as










Depending on the relative nucleophilicity of the solvent and the entering ligand, the observed
rate law may be dependent or independent of the ligand. A large value of k~ relative to k2 is
observed in solvents capable of coordinating strongly to the metal. In solvents that are poor
coordinators, the k2 value dominates.'
2.3.2 Dissociative Mechanism
The primary evidence for a dissociative mechanism (D) is :
(i) positive values for the activation volume
(ii) independence of the rate on the nature ofthe entering group
(iii) identical rates for substitution and solvent exchange and
(iv) positive values for the entropy of activation.
Dissociation of ligands from square-planar complexes is important and relatively common in
ligand redistribution reactions ofsquare-planar complexes."
The dissociative mechanism is represented in Scheme 2.3.
Scheme 2.3 Dissociative pathwaysfor substitution on a square-planar complex.
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d[.MX4 ] = d[.MX3L] = k]k3 [.MX4 ] [L ]
dt dt k2 [X ]+ k3[L ]
(2.54)
This mechanism is also true for octahedral complexes. Other mechanisms are the interchange
mechanisms. These are dissociative interchange (11) and associative interchange (L) where
there is no definite evidence of an intermediate. In the transition state for (ld) there is a large
degree of bond-breaking to the leaving group and a small amount of bond making to the
entering group. The rate is more sensitive to the nature of the leaving group. In the case of
(L), the bond to the entering group is largely made while the bond to the leaving group is
essentially unbroken. The mechanisms discussed are presented in schematic form in Figure
2.1.8
A 1 l~ D
Figure 2.1 Schematic representation ofthe associative (A), interchange associative (IcJ ,
interchange (1), interchange dissociative (1J and dissociative (D) mechanism.
2.4 Temperature Dependence of Rate Constants
The rate law is very useful in assigning a mechanism for a reaction , but other data are also
beneficial, activation parameters are usually essential. A reaction 's activation parameters are
derived from the temperature dependence of its rate constant. The relationship can be derived
from empirical relationships or from the absolute reaction rate theory .
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2.4.1 Arrhenius Equation
Rates of chemical reactions are affected by temperature in several ways. The most common is
that observed by Arrhenius
k =A exp(- :~ )
which can be expressed also as
(2.55)
EInk = __a + InA
RT
(2.56)
where k is the rate constant, A is the Arrhenius pre-exponential factor, E, is the activation
energy, R is the gas constant, and T is the temperature in Kelvin . A plot of Ink versus 11T
gives a straight line graph with slope equal to - Ea / R and intercept equal to InA .
The Arrhenius equation is still widely used in certain areas of kinetics and the complex
systems where the measured rate constant is thought to be a complex composite of specific
rate constants.
2.4.2 Transition-State Theory
In case of absolute reaction rate theory, the activated complex is in equilibrium with the




K'"...A + B :::;;:::==~
68
The rate of reaction can be written as





where k is Boltzman's constant and h is Planck's constant. Experimentally the second-order
b
rate constant k2 can be equated to
But the Gibbs energy of activation, ~G'" can be expressed as
~G'" = - RT ln K'" = sn: - TtiS'"
Substituting equation (2.60) into (2.59) gives
k = kbT exp(- ~G"]
2 h RT
kT (Ill!"'] (tiS"]= -1;exp - RT exp R





and a plot of In(k2 IT) versus liT gives Mr from the slope as the enthalpy of activation
and entropy ofactivation, tiS'" from the intercept. The plot is known as an Erying plot.
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2.4.3 Volume of Activation
The volume of activation is a supplement to the enthalpy and entropy of activation obtained




The volume of activation (~V"') is a measure of the compressibility difference between the
ground state and transition state. The ~V'" changes with mechanism as M "' : a positive value
indicates a dissociative mechanism and a negative value indicates an associative mechanism.
8
2.5 Instrumentation
Reactions in solution make up a very large proportion of the chemical reactions whose
kinetics have been subjected to detailed investigation. The classical methods of following the
progress ofsuch reactions involve chemical analysis by volumetric or gravimetric procedures.
This approach gives reliable results if the reaction is slow, with a half-life in excess of an
hour. The second group of methods, which are more convenient and applicable in the study of
fast reactions, are physical methods. These involve the measurement of some physical
property of the reaction mixture, which changes as the reaction proceeds. Currently, large
proportions of chemical kinetic studies are carried out by monitoring a physical property of
the reaction mixture. This has been made possible by the availability of sophisticated
computer-driven laboratory instruments.
The various techniques that are usually employed to study the kinetics of a reaction include
the flow methods (e.g. stopped-flow, continous flow and quenched flow), UV-Visible
spectrophotometry, Nuclear Magnetic Resonance (NMR) spectrophotometry, and use of non-
spectrophotometric techniques such as measurements of the conductivity of the reaction
mixture at some time interval. The preference of one technique over the other depends on the
rate of the reaction being investigated.
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The kinetic studies of very fast reactions, such as those involving palladium complexes can be
made using flow techniques. The choice of the flow technique depends on the half-life of the
reaction. The stopped-flow technique is used to study systems that have a half-life of up to 10·
3 S. 7 For even faster reactions, the temperature jump method can be used to investigate
reactions with a half-life of up to 10-7 s while flash photolysis can go down to 10.
12
s.
Slow reactions can easily be followed using UV-Visible spectrophotometry. The following
two sections give a short summary of the general principles of stopped-flow and UV-Visible
techniques, since these were employed in the current investigation.
2.5.1 Stopped-Flow technigue
The stopped-flow technique is the most popular of the flow methods. It is widely used in the
investigation of reactions with a half-life ofbetween 10°-10.3 S.7, 8 A schematic diagram ofa
stopped-flow is shown in Figure 2.2. 9
The apparatus is designed for the study of a reaction between two substances in solution.
From the two reservoirs, the syringes A and B are filled with their respective solutions and the
system is left to equilibrate at the desired temperature. To start the reaction, the solutions are
forced out of their syringes by concerted pressure on the plungers, into the mixing chamber.
This is designed in such a way that jets of the two solutions impinge on one another and give
very rapid mixing within 0.001 S.9
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Figure 2.2 Schematic diagram ofstopped flow apparatus.
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r-,
From this mixing chamber the solution passes at once into the reaction cuvette; alternatively,
the two solutions may be combined inside the reaction chamber. The reaction mixture passes
on to the stop syringe C. When the plunger of the latter reaches its stop, this both arrests the
flow of the mixing solutions and triggers the recorder. At this point onwards, the amount of
light, at the wavelength setting of the monochromator, transmitted through the mixed solution
in the cuvette, will undergo changes as the reaction proceeds in the now static mixed solution.
A photomultiplier unit converts this transmitted light into an electric current and a signal is
fed to the computer over an appropriate time interval. The kinetic data is then processed to
evaluate the pseudo-first-order rate constant.
2.5.2 UV-Visible Spectrophotometry technique
UV-Visible spectroscopy is a sensitive technique; it can detect samples oflow concentrations
in the range of 10-4 to 10-6 M.7 The basic units of spectroscopic equipment are the radiation
source, the sample container, the monochromator, the detector and the detector output-
measuring instrument. Prisms or gratings are normally used as the monochromator. The type
ofprism used depends on the region of electromagnetic spectrum. For the UV-Visible region,
glass prisms are normally used. The eye, photographic plate and photoelectric cells are used
as detectors for the visible region, while the last two are also employed for the ultra-violet
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Figure 2.3 Schematic diagram ofa UV-Visible spectrophotometer.
A substitution reaction that is slow and not able to be monitored using a stopped-flow
technique can be monitored by means of UV-Visible spectrophotmetIy using tendum
cuvertes. UV-Visible scans are recorded at set time intervals immediately after mixing the
reactants. A typical set of scans is shown in Figure 2.4.
The rate constant for this reaction can be obtained by on line least squares fit of the observed
absorbance versus time trace at wavelengths A, B or C, since there is noticeable change in the
absorbance over a period of time. The reactions can also be monitored at different















400 500 600 700
wavelength(nm)
Figure 2.4 UV-Vis scans for the reaction of[Ru(terpy) (bipy)(OHzJJ(CI04h with dimethylthiourea, recorded at 1 hour interval in
aqueous medium at 25°C.
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It is possible to analyze changes in the concentration of specific reactants or products, from
absorbance changes in the reaction mixture by using the Beer-Lambert Law given in equation
(2.64).
(2.64)
where A is the optical absorbance, c is the molar concentration, I is the path length and e is
the molar absorption coefficient. The intensity of the transmitted light, It, and the incident
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PART A Synthesis of Square Planar PUll) and Pd(lI) Complexes
The ligands, bis(2-pyridylmethyl)amine (bpma), and 2,2:6',2"-terpyridine (terpy) and
nucleophiles, viz. NaI, NaBr, NaSCN, thiourea (TV), 1,3-dimethyl-2-thiourea (DMTU)
and 1,1,3,3-tetramethyl-2-thiourea (TMTU) were purchased from Aldrich and used
without further purification . The thiol nucleophiles, viz. glutathione, DL-penicillamine and
L-cysteine, were also purchased from Aldrich and stored at +4 "C. The metal complexes,
K2PtCl4 and PdCh used in synthesis and the buffer solutions used in calibration of the pH
meter were purchased from Merck. All the solvents and other chemicals were of highest
purity and were used as received. Ultra pure water (MODULAB water purification
system) was used in synthesis and in kinetic and spectroscopic measurements. The purity
of the complexes was checked by using a Carlo Erba Elemental Analyser 1106 and NMR
spectroscopy (Broker Advance DPX 300).








Scheme 3.1 Synthetic steps in preparing [Pt(terpy)(OH~J(BF4h.
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Synthesis of [pt(terpy)(OH2)](BF4)2 was achieved in four steps. The first step involved the
preparation of dichloro(1,5-cyclooctadiene)platinum(II) [(COD)PtCh](I)1 which was used
as the starting material in the second step to form [pt(terpy)CI]C1.2H20 (2)? The complex
[pt(terpy)CI]C1.2H20 (2) was then converted into [Pt(terpy)OH]BF4 (3)3 and finally to
[Pt(terpy)(OH2)]BF4(4t the target complex. Complexes (1) and (2) were used in the
subsequent reactions without further purification since they matched the physical
description from the literature.I, 2 Complex (3) was characterized by CHN microanalysis
before being used in the final step . The final aqua complex (4) was also characterized by
means of CHN microanalysis.




Potassium tetrachloroplatinate, K2PtCl4 (2.18 x 10
3 mg, 5.23 mmol) was dissolved in 55
mL of water and filtered. To the resultant deep red solution was added 35 mL glacial
acetic acid and 1,5-cyclooctadiene(COD) (2.1 mL, 17 mmol). The resultant mixture was
vigorously stirred and maintained at 90°C on a steam bath for approximately 30 minutes.
During this period the deep red solution changed colour to pale yellow and fine yellow
crystals were deposited. To enhance further precipitation of the product the volume of the
mixture was reduced under reduced pressure to approximately 10 mL . The fine yellow
crystals were collected by filtration and washed in succession with 50 mL portions of
water, ethanol and ether. The product was dried in an oven at 100°C for an hour to afford
the desired product. This product was used in the next step of the synthesis without any
further purification.







h N- Pt- N
I
CI (2)
To a stirred suspension of [pt(COD)CbJ (1) (500 mg, 1.34 mmol) in 30 ml of water, was
added (312 .9 mg, 1.34 mmol) ofterpy. The mixture was stirred and warmed to 45-50 "C.
After approximately 15 minutes, the suspended metal complex completely dissolved to
afford a clear, red-orange solution. The solution was cooled to room temperature and then
filtered to remove any unreacted [pt(COD)CbJ (1). The filtrate was then evaporated under
reduced pressure and a red-orange solid was obtained. This solid was collected and
washed thoroughly with diethyl ether and air-dried.
Yield 647 mg (1.21 mmol, 90%).
Microanalysis Found: C, 33 .52; II, 2.72; N, 7.74 .




Complex (2) (510 mg, 0.95 mmol) was dissolved in 200 mL of water. To this was added
NaOH (10 mL, 6 M) and the mixture warmed to 40°C with stirring for 30 minutes. Upon
the dropwise addition of concentrated NaBF4 to the mixture, a bright orange precipitate
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was seen to form. Crystallization was completed with the addition of excess NaBF4. The
precipitate was then collected by filtration and dried at 50°C.
Yield 462 g (0.87 mmol, 92 %).
Microanalysis: Found: C, 33.82 %; H, 2.20 %; N, 7.88 %.
Calc. For ClsH12N3BF40Pt: C, 33.74 %; H, 2.10 %; N, 7.92 %.
3.1.4 [Pt(terpy)(OHbll<BF4h (4)
HBF4
To a clear, orange solution of (3) (350 mg, 0.66 mmol) in 20 mL of water was added
dropwise 5 mL ofHBF4 (0.15 M). This mixture was stirred for approximately 10 minutes,
and then taken to dryness on a rotary evaporator to afford an orange, microcrystalline
solid, which was dried in vacuo over P20S.
Yield 315 mg (0.51 mmol, 77 %).
Microanalysis Found: C, 29 .60; H, 2.18; N, 7.34 .
Calc . For C1sH13N3B2FgOPt: C, 29 .06; H, 2.10; N, 6.8.
81
3.2 Synthesis of Platinum bis(2-pyridylmethyllamine Monoagua
Complex [Pt(bpma)(OHblJ(CI04h
1,5-COD
~PtC14 ~o, 90 -c~ c>; /CIPt"CI
PtCOD (1)
bpma,NaCIO... H ~":: ~ "::I I CIOCC~:O '
CI (5)
80"01NaDH
CC~I(C'DJ' ~ ::':; cc~~IC'D'
OH2 OH
m ~
Scheme 3.2 Synthetic steps in the preparation of[Pt(bpma)(OHz}}(C104h .
The complex [Pt(bpma)(OH2)](Cl04nwas prepared by following the same procedure as
described for [Pt(terpy)(OH2)](BF4n with slight modifications' The complex







To a suspension of Pt(COD)Ch (1) (52 mg, 0.14 mmol) in water (30 mL) was added
bis(2-pyridylmethyl)amine (28 mg, 0.14 mmol). The pH of the mixture was adjusted to
3.5 by the careful addition ofconcentrated HCl. The temperature of the mixture was raised
to 60°C and maintained whilst stirring until the solution became clear. This was then
filtered before adding 2 mL of a saturated NaCI04 solution. A yellow precipitate of
[pt(bis(2-pyridylmethyl)amine)CI]CI04 was formed and was collected on a sintered glass
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filter. This was carefully washed with small amounts of water, ethanol and ether, and dried
in vacuo, to afford the desired product.
Yield : 21 mg (0.04 mmol, 29 %).
Microanalysis Found: C, 27,50; H, 2.55 ; N, 7.62








A sample of (5) (216 mg, 0.41 mmol) was dissolved in hot water (50 mL). To the clear
solution was added NaOH (5 mL, 0.1 M). The solution changed colour from yellow to
green. This was then followed by heating the solution to 80 °C. This temperature was
maintained for 20 minutes while stirring before it was refrigerated overnight to give the
desired yellow precipitate. The product was filtered ofT, washed carefully with small
amounts ofwater and dried in vacuo to afford [Pt(bis(2-pyridylmethyl)amine)OH]CI04.
Yield : 159 mg (0.31 mmol, 80%) .
Microanalysis Found: C, 28.2; H, 2.85; N, 8.49




Finally to prepare (7), a known amount of the hydroxo complex (6) was dissolved in
aqueous solution of pH 2-3, adjusted using HCI04. This solution whose concentration is
known was then used for kinetic study. This procedure can also be used to obtain
[pt(terpy)(OH2)]2+in solution from [Pt(terpy)OHt.








• I I I CICC~:O
CI (8)
2 eq. AgCIO.l " ,0
cc~:oI(CIO~
OH2 (9)
Scheme 3.3 Synthetic steps in the preparation of[Pd(bpma) (OHJ)}(C10 4h .
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Synthesis of [pd(bpma)(OH2)](CI04nwas carried out according to the method available in
literature.6 The chloro complex [pd(bpma)CI]CI which is an intermediate compound in the
synthesis of the aqua complex product was characterized using CRN microanalysis.
3.3.1 [Pd(bpma)CnCI. H60 (8)
cone.HCI
[PdCI2] ~Hp
PdCh (75.2 mg, 0.424 mmol) was added to a mixture of water (10 mL) and concentrated
HCI (3 mL) . The resulting mixture was refluxed until the entire solid had dissolved . The
resulting clear solution of [pdCl4t was filtered and warmed to 50°C. This was followed
by dropwise addition ofa solution ofbis(2-pyridylmethyl)amine (84 .4 mg, 0.350 mmol) in
methanol (10 mL). The pH of the solution was carefully adjusted to between 5.0-5.5 by
the addition of aqueous sodium hydroxide. This resulted in a clear, bright yellow solution
that was filtered and allowed to stand at room temperature. The bright yellow crystals that
precipitated from the filtrate were collected by filtration, washed with cold water and
diethyl ether and air-dried. The yellow powder was recrystallised from a minimum amount
of 0.1 M HCI at 40-50 -c. The bright yellow needles that formed, were collected by
filtration, washed with water and diethyl ether, and the product was air-dried.
Yield 150 mg (0.380 mmol, 90 %) .
Microanalysis Found: C, 36 .54; H, 3.78; N, 10.58 .
Calc. For C I2H13N3PdChO: C, 36.52; H, 3.29; N, 10.65.
3.3.2 [Pd(bpma)(OH6)](CI04h (9)







The chloro complex (8) (36.4 mg, 0.0922 mmol) was dissolved in water (200 mL, pH = 3
(HCI04» to obtain a solution of 4 .62 x 10-4 M concentration. AgCI04 (38.3 mg, 0.1849
mmol) was then added to the solution, the mixture was maintained at 40 °C while stirring
for 16 hours in the dark. The AgCl precipitate formed was filtered off using a Millipore
unit fitted with a 0.1 urn pore membrane filter. This is important so as to ensure that the
final solution was free of Ag" ions and that the chloro complex has completely been
converted into the aqua species. The ionic strength of the filtrate collected was adjusted to
0.1 Musing NaCI04 for the kinetic investigation.
PARTB Synthesis of Octahedral Ru(ll) Poly pyridine Monoagua
Complexes
The materials used were purity grade and were used without further purification. The
metal salt, RuCh'3H20, 2,2'-bipyridine (bipy), N,N,N:N'-tetramethylethylenediamine
(tmen), thiourea (TU), 1,3'-dimethyl-2-thiourea (TMTU) and 2,2:6',2"-terpyridine (terpy)
were all purchased from Aldrich Chemical Company. Ultrapure water (MODULAB water
purification system) was used for all aqueous studies and syntheses. MgS04 and KBr were
dried in an oven at 100°C overnight before use. The purity of the complexes was checked
using NMR (Varian Unity Inova 500 MHz spectrometer using solvent as an internal
reference), and Infrared spectrometry (perkin-Elmer Spectrum One FTIR
Spectrophotometer)' . Microanalyses were carried out at the following Universities:
University of Natal (Durban), University of the Western Cape, University of Erlangen-
Numberg (Germany), and at Galbraith Laboratories (USA) . UV-Vis spectra were recorded
using a Varian Cary 100 Spectrophotometer.
1
Note:.The Infrared bands were not assigned due to the lack ofinformation relating to the stretching modes
ofruthenium(lI) po/ypyridine complexes. The literature searched include (i) K. Nakamoto, "Infr ared and
Raman Spectra ofInorganic and Coordination Compounds" , 3m Edition, John Wiley & Sons, New York,
1979. (ii) E. W. Abel, F. G. A. Stone, G. Wilkinson, "Comprehensive Organometallic Chemistry IF',
Pergamon Press, Oxford, 1995 (ii) "Dictionary of Organometallic Compounds", Chapman and Hall,
London, 1984.
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Synthetic methods for preparations of [Ru(terpy)(bipy)(OH2)](CI04n and
[Ru(terpy)(tmen)(OH2)](CI04nare described below.
















N N N =
RuCI3 .3~O + terpy
Scheme 3.4 Synthetic steps in preparation of(Ru(terpy) (bipy)(OH2)](C104h.
The synthesis of this complex was executed in three steps as shown in Scheme 3.4. The
first step involved the preparation of the RuIII(terpy)Ch complex following the method
described in the literature.' Due to the insolubility of the complex in most organic
solvents, this complex was used in the next step without any further purification.
The complex [Ru(terpy)Ch] was reduced in the next step from Ru(ill) to Ru(II) in the
presence of a reductant, namely NEh. 8, 9 In the presence of the bidentate ligand, viz. bipy,
a complex [Ru(terpy)(bipy)CI]CI was formed.l" Finally, the desired product,
[Ru(terpy)(bipy)(OH2)](CI04n, was obtained from the metathesis reaction of
[Ru(terpy)(bipy)CI]CI with a silver salt, e.g. AgCI04.
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CAUTION: perchlorate salts are hazardous because of the possibility of their explosion.





To a solution of RuCh"3H20 (~150 mg) in absolute EtOH (125 mL) was added an
equivalent amount ofterpy. The resultant mixture was heated under reflux for 3 hours with
vigorous stirring. After this time the mixture was allowed to cool to room temperature .
The precipitate that formed was collected by filtration through a Buchner funnel. The
precipitate was washed with a small amount of cold absolute ethanol, followed by diethyl
ether and dried in vacuo .
Yield (10) 0.1435 g (0.627 mmol, 52 %) brown precipitate
This complex matched the description reported by Sullivan et al.8 The infrared spectrum
for this complex is given in APPENDIX B, Figure B.I . Due to insolubility of this complex
in most of the organic solvent, NMR analysis of this complex was not done.
3.4.2 [Ru(terpy)(bipy)CnCI (11)
3:1 EtOH/~O
[Ru(terpy)CI3 ] + bipy ~
(10) NEt:J, LiCI, 80°C
[Ru(terpy)(bipy)CI]CI
(11)
A quantity of about 100 mg of (10) was reacted with an equimolar amount of bipy and
refluxed for 4 hours in 75 mL of (3:1) EtOHlH20 containing ~6 molar equivalents ofLiCI
and an equimolar amount ofNEt3. The mixture was filtered while hot through a sintered
glass funnel to remove any unreacted starting material. The volume of the filtrate was
reduced under reduced pressure to approximately 10 mL.
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A dark reddish precipitate of [Ru(terpy)(bipy)CI]CI was seen to form. Further
precipitation was induced by cooling overnight at ca. +4 °C in the fudge. The precipitate
was collected by filtration and washed with a small amount of ethanol followed by diethyl
ether and dried in vacuo.
Yield (11) 0.1990 g (0.317 mmol, 70 %)
This complex was characterized using NMR and infrared spectroscopy. The proton NMR
spectrum for this complex along with the infrared spectrum are given in APPENDIX A,
Figures A.I and APPENDIX B, Figure B.2.





2 eq AgCI04, 80°C
[Ru(terpy)(bipy)(OH2)](CI04) 2
(12)
A sample of (11) (50 mg, 0.080 mmol) was heated under reflux with two equivalents of
AgCI04 (33 mg, 0.160 mmol) for 1 hour in 20 mL of (3:1) acetone/Her) solution. The
AgCl precipitate that formed was filtered using a Millipore Filtration system fitted with
0.1 Il.Il1 pore membrane filter. The filtrate was concentrated in vacuo to obtain brown-black
crystals. The crystals were collected by filtration, washed with a small amount of cold
water and then dried in vacuo.
Yield 25 mg (0.035 mmol, 44 %).
Microanalysis Found: C, 42.29; H, 2.61 ; N, 9.65.
Calc. for C25H2IN50~uCh: C, 42.44; H, 2.99; N, 9.9.
UV-Vis (H20)2 O-maxlnrn(c, M-1cm-I)]: 475 (8.74 x 103) b, 312 (3.32 x 104) b, 288
(3.42 x 104) b, 231 (2.40 x 104) sh
2
b = broad, sh =shoulder
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N.N. N ',N '-, , -
Complex
The synthesis of this complex was accomplished by following the method described by
Che et al" This method is similar to the method described above for the synthesis of the
[Ru(tetpy)(bipy)(OH2)]2+, except that the reductant used for this reaction was ethylene
glycol instead of NEt3. Ethylene glycol has a very high boiling point (195°C). At this
temperature RuIII(tetpy)Ch is reduced to Ru(ll) and in the presence of a bidentate ligand
such as tmen, the complex [Ru(tetpyXtmen)Clt is formed .
3.5.1 [Ru(terpy)(tmen)CIlCI04 (13)
ethylene glycol
[Ru(terpy)C1:J + tmen .. [Ru(terpy)(tmen)CW
(10) 195°C (13)
A sample of (10) (479.2 mg, 1.09 mmol) and tmen (5.3 mL, 34.81 mmol) was refluxed
together in ethylene glycol (0.72 mL, 12.88 mmol) for 4 hours. The initial brownish-black
solution becomes a dark purple after this time. The mixture was allowed to cool to room
temperature. To this mixture 5 mL of ethanol was added . A saturated solution ofNaCI04
(10 mL) was added to the mixture until a purple precipitate was observed. The precipitate
was collected by filtration through a Biincher funnel , washed with little amount of ice-cold
water followed by diethyl ether and dried in vacuo for an hour.
Yield 355 .9 mg (0.608 mmol, 56 %)
UV-Vis (CH2Cb)3fAmax/nm(e, M-1cm-I)]: 563 (3.05 x 103) sh, 380 (300 x 103)b,
326 (2.19 x 104) b, 281 (2.71 x 104) b
Microanalysis Found: C, 43 .05; H, 4.85; N, 11.70.
Calc. tor C2IH27N50~uCh: C, 43 .08, H, 4.73; N, 11.80.
3 b = broad, sh = shoulder
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80 "C, 30 min
[Ru(terpy)(tmen)(OH2)](CIO4h
(14)
Sample (13) (150 mg, 0.256 mmol) and AgCI04 (52.5 mg, 0.256 mmol) were refluxed in
acetone-water (3 :1) (10 mL) for 30 minutes. The AgCl precipitate was filtered using a
Millipore unit fitted with a 0.1 urn pore membrane. The volume of the filtrate was reduced
to about 2.5 mL, and about 1 g of NaCI04 was added. The dark purple reddish
microcrystalline precipitate that formed was filtered off, washed with a little ice-cold
water, and dried in vacuo .
Yield 56.9 mg (0.0852 mmol, 33 %)
Microanalysis Found: C, 38.20 H, 4.82; N, 10.89.
Calc. for C2IH29N50~uCb : C, 37 .78; H, 4.38; N, 10.49.




If '\ \ / (3:1) EtOHJH,O
N-Ru-CI --- -
/ AgCIO., 80 "C
If ~ CI
Scheme 3.5 Synthetic approaches in the synthesis of[Ru(terpy)(OHJ,h}(CI04h .
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Two different approaches, Route A and Route B, were used for the synthesis of
ruthenium terpyridine triaqua complex. Both approaches are represented in Scheme 3.5.
Route A involved the metathesis of the chloride ions from RuCh'3H20 with AgCI04 to
obtain Ru(CI04)J-3H20, which was reacted with terpy in aqueous ethanol solution to form
[Ru(terpy)(OH2)J](CI04h·





[Ru(CI04)3] .3~O ~ [Ru(terpy)(O~)3](CI04)2
3 hrs, 80 °C
A sample of 100 mg of RuCh·3H20 was refluxed with an equivalent quantity of AgCI04
(i.e. mole ratio 1:3) in (3:1) EtOHlH20 solution for 1 hour. The AgCl precipitate was
filtered offusing a Millipore unit fitted with a 0.1 urn pore membrane filter. To the filtrate
an equivalent amount of terpy was added and the mixture further refluxed for 3 hours .
This mixture was taken to dryness using a rotary evaporator under reduced pressure.
Crude Yields [Ru(terpy)(OH2)J](CI04h (15) 114.9 mg
NMR spectrum along with the infrared spectrum for the isolated complex is given in
APPENDIX A, Figures A.3 and APPENDIX B, Figures B.4.
Route B involved the removal of the three chloride ions from [Ru(terpy)Ch] (10) using an
equivalent quantity ofAgCI04 in aqueous ethanol solution to form the desired product.
3AgCI04
(3: 1) EtOH/ ~O, 80 °C
To a solution of(10) (loa mg) in (3:1) EtOH/ H20 was added three equivalents of AgCI04
and the resulting mixture refluxed for 3 hours. The AgCl that precipitated out was filtered
using a Millipore filtration system to obtain a clear solution of the desired product. The
solution was taken to dryness using the rotary evaporator under reduced pressure.
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Crude Yield [Ru(terpy)(OH2h](CI04) 2 (16) 8.1 mg
3.7 X-Ray Structure Determination of [Ru(terpy)<!!iI!v}Q]CI041
JRu(terpy)(tmen)(CH;!CN)J(CI04h and [Ru(terpy)6l(CI04.h
During the attempt of synthesizing the complex [Ru(terpy)(bipy)(OH2)]2+ from the
metathesis of [Ru(terpy)(bipy)CI]CI with silver perchlorate, the complex
[Ru(terpy)(bipy)(CI)]CI04 was isolated . To check that the ligands had attached to the
metal, single crystals suitable for X-ray analysis were grown for [Ru(terpy)(bipy)CI]CI04,
[Ru(terpy)(tmen)(CH3CN)](CI04)2.CH3CN and [Ru(terpyh](CI04h. These were obtained
by vapour diffusion of diethyl ether into CH3CN solutions of the complex
[Ru(terpy)(bipy)CI]CI04, (14) [Ru(terpy)(tmen)(OH2)](CI04) 2 and the isolated (16)
[Ru(terpy)(OH2)3](CI04)2 complex following Route B (see section 3.6) respectively. Dark
red needle-like crystals having approximate dimensions of 0.45 x 0.45 x 0.35 mnr'
{[Ru(terpy)(bipy)CI]CI04 } , 0.05 x 0.40 x 0.40 mrrr'
{[Ru(terpy)(tmen)(CH3CN)](CI04h.CH3CN} and of dimensions 0.40 x 0.15 x 0.05 mnr'
{[Ru(terpy)2](CI04h were used to collect X-ray diffraction data. The photograph for the
single crystal of [Ru(terpy)2](CI04)2 used is given in Figure 3.1 (a) along with an example
of the observed diffraction pattern (b) (photograph parallel to the crystal b-axis) .
(a) (b)
Figure 3.1 Single X-ray crystal photograph (a) used to collect X-ray data and (b)
diffraction pattern observed for [Ru(terpy)2](CI04)2.
The X-ray data for [Ru(terpy)(bipy)CI]CI04 were collected using 00-28 scans with an
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Enraf-Nonius CAD4-Turbo diffractometer at 20 °C. The structure was solved in the
triclinic space group PI by automated Patterson methods and subsequent difference
Fourier syntheses (SHELXS-97) .9 Refinement of F2was carried out by full matrix least-
squares techniques (SHELXL-97) .10 Anisotropic thermal parameters were used for all
non-hydrogen atoms. Hydrogen atoms were included in the refinement cycle at calculated
positions , riding on their carrier atoms. Geometric calculations and the ORTEpll
illustration were effected with WINGx. 12
The X-ray data for [Ru(terpy)(tmenXCH3CN)](CI04h.CH3CN and [Ru(terpyh](CI04h
were collected on an Oxford Diffraction Xcalibur 2 CCD diffractometer with graphite
monochromated Mo-Ka radiation (2.8 kW) at 20 °C and -173 (1) °C respectively . The unit
cell dimensions were obtained from a least squares fit of reflections in the range 3.98 < e<
31.89° for [Ru(terpy)(tmen)(CH3CN)](CI04h.CH3CN and 3.75 < e < 31.87° for
[Ru(terpyh](CI04h. Lorentz, scan speed scaling and overlap corrections were applied
during data reduction with the program CrysAlis RED .12 The data were corrected for
absorption effects USIng MULTISCAN.13 The structures of
[Ru(terpy)(tmen)(CH3CN)](CI04h·CH3CN and [Ru(terpyh](CI04h were solved In the
monoclinic space group nIle and triclinic space group PI using direct methods
(SHELXS-97)14 and refined anistropically (SHELXS-97)15 to a final R, of 12.8 % and 4.9
% respectively . The programs ORTEP,16 WINGX,17 Mercury 1.118and Oscail" were used
for data analysis and graphics .
Final parameter listings of the thermal parameters , bond distances , bond and torsion angles
are given in APPENDIX C. Crystal data and summarized experimental procedures are
given In Table 3.1, 3.2 and 3.3 for [Ru(terpy)(bipy)CI]CI04,
[Ru(terpy)(tmenXCH3CN)](CI04h·CH3CN and [Ru(terpyh](CI04h respectively.
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(l = 101.14(4) 0
~ = 97.41(3) 0
'Y = 107.36(2) 0
Triclinic
PI
a = 9.121(2) A
b = 12.777(6) A






0.45 x 0.45 x 0.35 mm3
2.39 to 24.970
-1<=h<= lO, -15<=k<=14, -15<=1<=15
6124











Completeness to e= 24.97°
Absorption correction












Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I > 2cr(I)]
R indices (all data)
Largest diff. peak and hole
Full-matrix least-squares on F2
4993/0/334
1.127
RP)= 0.0480, wR/b) = 0.1633
R, = 0.0515, WR2 = 0.1697
1.885 and -Q.849 e A-3
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Completeness to e= 25.00°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [1>20(1)]
R indices (all data)








a = 32.050(6) A
b = 9.966(2) A














Full-matrix least-squares on F2
20607/716/731
1.045
R 1 =0.1045, wR2 =0.3011
R1 = 0.1532, wR2 = 0.3352
2.222 and -1.902 e A-3
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Completeness to e= 31.87°
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2cr(I)]
R indices (all data)







b = 16.932(11) A










18298 [R(int) = 0.0475]
88.4 %
0.9637 and 0.7551
Full-matrix least-squares on F2
18298/0/775
0.919
RP) = 0.0493, WR2~) = 0.1053
R] = 0.0910, WR2= 0.1212
2.342 and -1.234 e A-3
(a) R1 =L lIFo1-IFcI/LIFoII (based on F)
(b) wR2 =/[I"clFo2 - F:2/)2]/[ L"CFa2)2 ]1'2 (based on P )
w =q /l(o-FoY+ (a *Py + (b *P) + d +e *sin(B)J
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PARTC Preparation of the complex and nucleophile solutions
3.8 Complex Solutions
The acidity of the terpy complex was not investigated, only the substitution reactions
using thiols nucleophiles were carried out. These reactions were done at pH = 1, due to the
acidity of the thiols . For kinetic investigation the complex solution was prepared by
dissolving (1.340 mg, 13.4 mmol) of [pt(terpy)(OH2)](BF4k in pH 1 (HCI04) solution to
give a concentration of2.50 xlO-5 M, while maintaining ionic strength at 0.1 M. The bpma
concentration complex solution 4.6 x 10-4 M was prepared as described in section 3.3.2.
The pH of the solution was adjusted to 1 using HCI04 for thermodynamic and kinetic
investigations involving thiols . In case of the other substitution studies the pH was
adjusted to 3 and ionic strength made up to 0.1 Musing NaCI04.
3.8.2 [Pt(bpma)(OH~)(CI04h
To investigate the acidity of this complex 5.11 mg (1.00 x 10-2 mmol) of
[pt(bpma)(OH)](CI04) was dissolved in 200 mL of ultra pure water of pH 1 (HCI04) to
give a final concentration of 5.00 x 10-5 M and ionic strength of the solution was therefore
0.1 M. For kinetic studies using thiol nucleophiles, the complex solution was prepared by
dissolving (26.25 mg, 5.137 x 10-2 mmol) in 100 mL of ultra pure water of pH 1 (HCI04)
to give a final concentration of 5.137 x 10-4 M and the ionic strength of the solution was
therefore 0.1 M. In case of substitution kinetics involving other non-biological
nucleophiles a concentration of 5.0 x 10-5 M of the complex (10.2 mg, 1.996 mmol) was
prepared in an aqueous medium of pH 2. The ionic strength of this solution was made up
to 0.1 Musing NaCI04.
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3.8.3 [Ru(terpy)(bipy)(OB~)1(CI04h
Two sets of solutions were prepared for thermodynamic and kinetic investigations. The
complex solution used for the thermodynamic investigation was prepared by dissolving
[Ru(terpy)(bipy)(OH2)](CI04h (5.95 mg, 0.0084 mmol) in a pH 1 solution ofHCI04. The
concentration of the solution was calculated to be 8.40 x 10-5 M. For kinetic studies the
concentration of the complex was doubled compared to that used for thermodynamic
studies. The complex solution was prepared in a pH 4 solution of HCI04. The ionic
strength was adjusted to 0.1 Musing NaCI04 solution to obtain a final concentration of
1.68 x 10-4 M.
3.8.4 [Ru(terpy)(tmen)(OB~)1(Cl04h
Two sets of solutions were also prepared for thermodynamic and kinetic investigations.
The complex solution used for the thermodynamic investigation was prepared by
dissolving [Ru(terpy)(tmen)(OH2)](CI04h (12.0 mg, 1.80 x 10-3 mmol) in a pH 1 solution
of HCI04. The concentration of the solution was calculated to be 7.19 x 10-
5 M. For
kinetic studies the complex solution was prepared by dissolving
[Ru(terpy)(tmen)(OH2)](CI04h (5.6 mg, 8.39 x 10-3 mmol) in pH 3 solution to afford a
concentration of8.39 x 10-5 M. The ionic strength was adjusted to 0.1 Musing NaCI04.
3.9 Nucleophile Solutions
Solutions of appropriate nucleophiles were prepared by dissolving known amounts in the
same medium as used for the metal complex . Since perchlorate ion is a non-coordinating
ion with respect to these metal complexes, HCI04 and NaCI04 were used to adjust the pH
of the solutions and to maintain the ionic strength of 0.1 M respectively. Nucleophile
concentrations were of the order 10, 20, 30, 40 and 50 times the concentration of the metal
complex. In the case of the ruthenium complex the initial concentration of the nucleophile
was 500 times that of the complex.
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3.10 pH Titration
It was important to determine the pH range within which successful kinetic studies could
be carried out. The reason for this is that the complexes being investigated are aqua
complexes and therefore there is a possibility of the hydroxo complex being formed at
higher pH's which would have complicated the study. The titration study also provided
information regarding the dissociation of the water molecule through the determination of
the pKa value.
2 . ~
pKa values for complexes [pt(bpma)(OH2)] + and [pd(bpma)(OH2)] were found by pH
titration. The literature pKa value for [Pt(terpy)(OH2)]2+has been reported to be 4.6.
5
The
substitution reaction of a water molecule in [Pt(terpy)(OH2)]2+ and [Pt(bpma)(OH2)]2+
with the thiols was carried out at pH 1. This is due to the fact that the first pKa for cysteine,
DL-penicillamine and glutathione at 25 °C is approximately 2, while that of
[pt(terpy)(OH2)]2+and [Pt(bpma)(OH2)]2+was determined to be 4.6 and 5.49 respectively.
A solution of the metal complex was prepared as described in section 3.8. The pH and
ionic strength of the aqueous solution were maintained at 1 and 0.1 M respectively. To
avoid carrying out absorbance correction due to dilution , a large volume of ca 200 mL of
the complex solution was used . The solution was then titrated with NaOH solution . A
further precaution was taken in order to prevent dilution when changing the pH of the
solution from 1 to 2. This was achieved by the addition ofcrushed NaOH pellets.
For every titrated solution, a UV-Vis scan was recorded at 25 °C, using the Varian UV-
Visible Cary 100 Spectrophotometry. The pH of the solution was measured using a
Jenway 4330 pH meter and a combination Jenway glass electrode that had been calibrated
using standard buffer solutions at pH 4.0, 7.0 and 10.0 (Merck). To avoid precipitation of
KCI04 in the pH electrode, the KCI solution inside the electrode was replaced with a 3 M
NaCI. It was found that dipping the electrode into the metal complex solution for a length
of time resulted in the precipitation of the complex as a chloro compound due to the
substitution of water by the chloride ions from the electrode. Due to this all pH
measurements were determined outside the stock solution , by sampling approximately 1.0
mL aliquots of the stock solution into specially designed narrow vials . The pH electrode
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3.12 Kinetic Measurements
The wavelength at which there was the biggest change in the absorbance as determined in
section 3.11 was selected for kinetic studies. Ligand substitution reactions were performed
under pseudo-first order conditions with the nucleophiles being present in at least 10-fold
excess over the metal complexes. Kinetic studies for fast reactions were monitored using
an Applied Photophysics SX. 18MV Stopped-flow ASVD instrument coupled to an on-
line data acquisition system. Slow reactions were monitored spectrophotometrically by
collecting repetitive spectrum scans of the reaction mixture or by monitoring the kinetic
reaction at a specific wavelength using a Varian UV-Visible Cary 100 Spectrophotometer.
This was equipped with a cell holder thermostated by a Varian Peltier temperature
programmer. The cuvette used was a 0.8 cm tandem quartz Suprasil cell. The temperature
was controlled with an accuracy of± 0.05 and 0.1 °C for the UV-Vis and stopped-flow
instruments respectively. All reactions were followed for at least 6 half-lives.
All kinetic runs were best described by a single exponential equation . The observed
pseudo-first order rate constants, krhs, were calculated using the on-line non-linear least
square fit ofexponential data to equation (3.2).
(3.2)
where Ao, At, and Aa:> represents the absorbance of the reaction mixture initially, at time t
and at the end of the reaction respectively. Kinetic traces from UV-Vis spectrophotometry
were analyzed using the first-order exponential decay equation of Origin 50 version 5.0, a
data analysis and technical graphics software.
3.12.1 Kinetic Studies Using Stopped-Flow Spectrophotometry
The instrument lamp was warmed for ca 1 hour prior to analysis. The sample syringes and
reaction chamber were cleaned several times with ultra pure water followed by the
aqueous medium used to dissolve the complex and the nucleophiles under investigation .
The instrument was then zeroed before scanning. The sample syringes were rinsed with
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the complex and the nuc1eophile solutions before filling them and letting them equilibrate
at the desired temperature. The monochromator was then set to a pre-determined
wavelength as described in section 3.11. The reactants were then forced into the reaction
chamber followed by analysis. Once time base was established, i.e. the time required for
the completion of the reaction, consecutive runs were made automatically, the number of
runs depended on the reproducibility of the data but these were not less than six. The
observed rates were then recorded followed by the necessary calculations .
The above procedure was carried out for all the concentration dependence studies of the
nuc1eophiles at 25°C. Temperature dependence studies on the rate constant were also
conducted in the same manner at temperatures of 20, 30, 35 and 40°C. Each of the
reported constants is an average ofsix kinetic runs.
3.12.2 Kinetic Studies Using UV-Visible Spectrophotometry
Both temperature and concentration dependence studies were carried out using tendum
cuvettes. Equal volumes of the complex and the nuc1eophile were placed in each
compartment of the cuvettes and allowed to equilibrate to the desired temperature before
mixing. The UV-Visible Cary 100 Spectrophotometer was set at a specific wavelength
predetermined as indicated in section 3.11. The instrument was zeroed before reaction was
monitored by using the kinetic run programme. This programme was employed in the
investigation involving [pt(bpma)(OH2)]2+ with cysteine and DL-penicillamine.
Substitution reactions of [Ru(terpy)(bipyXOH2)]2+ and [Ru(terpy)(tmenXOH2)]2+ were
monitored through repeated scans from 800 to 190 nm. The data collected was imported
into Origin 5.0 programme and absorbance versus time graphs plotted. These were then
analyzed using a first-order exponential decay equation . The rate constants obtained were
pseudo rate constants since the concentrations of the nuc1eophiles were not less than 10-
fold that of the complex. A minimum of three kinetic runs were recorded under all
conditions and the reported rate constants represent the mean values.
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4 RESULTS AND DISCUSSION
4.1 Synthesis
In this section only the synthetic results of the complexes whose kinetic studies were
investigated will be discussed. Discussion concerning the other complexes reported in the
experimental section will be given in APPENDIX E.
4.1.1 Synthesis of Square-Planar Pt(II) and PdOn Complexes
The complex [pt(terpy)(OHz)](BF4h (4) was isolated in a very high yield (77 %). The
other complexes, [pd(bpmaXOHz)](CI04h (9) and [pt(bpma)(OHz)](CI04h (7) were
prepared in solution form from [pd(bpma)CI]Cl.HzO and [Pt(bpma)OHt complexes
respectively. The complexes [pd(bpma)CI]Cl.HzO and [Pt(bpma)OHt were also isolated
in high yields, 90 and 80 % respectively. The CHN microanalysis results of
[Pt(terpy)(OHz)f+, [pd(bpma)CI]Cl.HzO and [Pt(bpma)OHt, showed that the complexes
were ofhigh purity.
4.1.2 Synthesis of Ru(II) Polypyridine Complexes
The reaction of RuCh.3HzO with terpyridine yields [Ru(terpy)Ch] in a satisfactory yield
of 52 %. This complex was used in the next step of synthesis without any further
purification as described 10 the literature. ' Synthesis of the complexes
[Ru(terpy)(bipy)CI]CI04 and [Ru(terpy)(bipy)(OHz)]z+ following a modified method
described by Meyer et al gave yields of 70 % and 44 %, respectively.' Single crystals
suitable for X-ray analysis for [Ru(terpy)(bipy)CI](CI04) were obtained by vapour
diffusion of diethyl ether into acetonitrile solution of the complex. An ORTEP drawing of




An ORTEP diagram depicting the X-ray structure of
[Ruiterpy) (bipy)Cl]CI04 .
The complex [Ru(terpy)(bipy)CI]CI04 crystall izes in the triclinic crystal system (space
group Pi). The unit cell dimensions are given in Table 3.1 (Chapter 3). A list of
interatomic distances , angles and other crystallographic data are listed in Appendix C,
Tables CI-C5.
The complexes [Ru(terpy)(tmen)CI]CI0 4 and [Ru(terpy)(tmen)(OH2)](CI0 4h were also
isolated in yields of 56 % and 33 % following the method described by Ho and Che.2
Single crystals suitable for X-ray analysis were also obtained for
[Ru(terpy)(tmen)(CH3CN)](CI04h from slow diffusion of diethyl ether into an
acetonit rile solution of [Ru(terpy)(tmen)(OH2)](CI0 4h with diethyl ether. An ORTEP
drawing of [Ru(terpy)(tmen)(CH3CN)](CI04h with the atom-labelling scheme is shown
in Figure 4.2.
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Figure 4.2 ORTl'.J> diagram dep icting the X-ray structure of one of the independent
molecules of [Ru (terpy)(tmen)(CH3CN)](CI0 4h (40 % ellipsoid
probabilities) . The perchlorate ions have been omitted for clarity. J
The complex [Ru(terpy)(tmen)(CH3CN)](Cl04h crystallized in the monoclinic crystal
system (space group P2 1/c). The unit cell dimens ions are given in Table 3.2 (Chapter 3).
From Table 3.2, the R-factor R1 exceeds 10 % due to the poor quality of the crystal (as
evidenced by the high intern al R-value for the data set). Moreover , two moderately
disordered CH3CN solvent molecules were present in the asymmetric unit. The had to be
treated using PLATON's SQUEEZE algorithm to remove the diffuse electron density
from the data such that a stable refmement was possible.
I Note : Disordered solvent molecules (non-coordinated) were removed using
PLA TON 's SQ UEEZE algorithm. All H atoms were calculated using a riding
model (HFIX 23, 33, 43 commands in SHELXL9 7).
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Two independent Ru(ll) complexes with the general formula
[Ru(terpy)(tmen)(CH3CN)](CI04)z were found in the asymmetric unit. A list of
interatomic distances, angles and other crystallographic data are listed in Appendix C,
Tables C6-C8. This crystal structure has been included to serve as confirmation that the
complex of interest was synthesized in high purity. This is also confirmed by CRN
analysis.
4.2 Kinetic Studies of Square Planar PUll) and Pd(ll) Complexes
4.2.1 pH Titration
When solutions of [Pt(bpma)(OH2)f + (7) and [Pd(bpma)(OH2)f + (9) prepared by
dissolving a known amount of the complex in aqueous solution of pH 1.0 and ~ = 0.1 M
(HCI04) were titrated using an aqueous solution of NaOH, shifts in the absorption
maxima were observed. Such shifts correspond to the formation of the analogous hydroxo
complexes, namely [Pt(bpma)OHt and [pd(bpma)OHt The titration reaction of the
complex solutions with NaOH can be presented in the general form by equation (4.1).
[M(NNN)(O~)]2+ + OH- > [M(NNN)OHl- + H
20
(4.1)
where M = Pt or Pd and NNN denotes bpma Upon addition of a small amount ofHCI04
to the titrated solution of the complex at a certain pH, reversibil ity of the titration was
observed. An isosbestic point was maintained proving that only two species, i.e. the
hydroxo and the aqua species were present in the solution, and were in equilibrium as
represented by equation (4.1).
The UV-Vis spectra recorded during the titration are given in Figures 4.3 and 4.4 for
complexes (7) and (9) respectively. The UV-Vis spectra Figures 4.3 and 4.4 are
characterized by more than one isosbestic point. This is an indication that the simple
equilibrium as shown in equation (4.1) exists. In addition, the baselines for all the curves
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are intact , which implies that there was no formation of a precipitate during titration or a
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Figure 4.4 Ut/-Vtsible Spectra f or [Pd(bpma)(OH2)/ + (1.00 x 10-
4 M), Jl = 0.1 M
(HCI0 4) ; pH range of 1-12, T = 25 "c. Inset is the plot of absorbance
versus pH at the specified wavelength.
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The wavelengths where there was a significant spectral change as indicated in the Figure
by X were chosen for the absorbance versus pH plot. These are shown as insets in Figures
4.3 and 4.4. The pKa values were determined to be 5.49 ± 0.08 and 6.67 ± 0.067 for
[Pt(pbma)(OHz)f+and [pd(bpma)(OHz)f+ respectively.
The pKa plots (Insets), indicate that within the pH range of 1- 4.5 and 1- 3.5, the
complexes (7) and (9) exist in complete aqua form and after pH 9 as hydroxo species .
Therefore the substitution reactions of coordinated water from these complexes were
performed within these pH ranges.
4.2.2 Substitution Reactions of PtlII) Complexes. [Ptlterpy)(OH~)J2+ and
[Ptlbpma)(OHvJ2+ with Thiols
The substitution of the coordinated water molecule with thiol nuc1eophiles (Nu), namely,
L-cysteine, glutathione and DL-penicillamine, from the complexes [Pt(NNN)OHzf+,
where NNN = terpy (4) or NNN = bpma (7) in acidic aqueous media of pH 1.0 and ~ =
0.1 M (HCI04) can be represented by equation (4.2).
[Pt(NNN)(OH:2)]2+ + Nu ...
2+
[Pt(NNN)Nu] + H:20 (4.2)
These reactions were investigated at pH = 1, due to the fact that the biological thiols
under investigation are highly susceptible to hydrolysis. The literature acid dissociation
constants defined in Scheme 4.1 reported at 25°C and ~ = 1.0 M for these thiols are pKal
= 1.9, pKa2 = 8.10 and pKa3 = 10.1 for L-cysteine and pKal = 1.9, pKa2 = 7.92 and pKa3 =
10.5 for Dl. -penicillamine.' The dissociation constants for the glutathione reactions
measured at 25°C and ~ = 0.2-0.55 M were determined to be pKal =2.05, pKa2 = 3.40 and

















Scheme 4.1 Acid dissociation scheme for biological thiols , L-cysteine (R= H) and (R =
Me) Dl-penicillamine.
The mechanism depicted in Scheme 4.1 gives the second order overall rate constant
defined by equations (4.3) for L-cysteine and DL-penicillamine 3
k ={k][H +t + k2Kal[H+]2+ k3KaIKa2[H+] + k4KalKa2Ka3}
2 [H+]3 + Kaj[H+f +Ka~aJH+]+KaIKa2Ka3
and for glutathione", the second order overall rate constant is given by
(4.4)
At pH = 1, W] » K.. the thiols are fully protonated and the reaction pathways denoted
by ka; k3, ks, and k s are not significant. Therefore, kinetic studies of [Pt(bpma)(OHz)f+
and [Pt(terpy)(OHz)f+were conducted at pH = 1.
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4.2.3 Kinetic Trials
To determine the optimum wavelength for substitution reactions, kinetic trials were
carried out as stated in section 3.11 . An example of the UV-Vis spectra obtained for the
substitution of water from [Pt(terpy)(OH2)f +with L-cysteine at 25 °C is given in Figure
4.5. The Figure shows the scan before mixing, immediately after mixing and 5 minutes
after mixing. It can be seen that the last two scans overlap. The wavelength chosen for
kinetic study in this case was 341 nm. Since the reaction was complete in less than 16
minutes, the stopped flow technique was used . The other thiols investigated were DL-
penicillamine and glutathione. The wavelength chosen for these two were 240 and 340
nm respectively using the stopped flow technique.
tr0.6 - [Pt(terpy )OHi +-- [Pt(terpy )OHi ++L-cysteine after mixing
I
- - [Pt(terpy)OHi++L-eysteine after 5min\
0.4 \L\V\ 341 nm
Q) \
Io \c:m \~.0..... \0
.2 0.2 453 nm
« \ /\





<, ---~--- - -- - ---- - -- - - - -- --- --- - ~
200 300 400 500 600
Wavelength(nm)
Figure 4.5 UV-visible scans for the reaction of [Pt(terpy) (OHdl+ with L-cysteine
recorded after mixing and 5 minutes after mixing.
The other complex which was reacted with thiols was [Pt(bpma)(OH2)f +. The
substitution reactions using L-cysteine and DL-penicillamine were slow and as a result
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UV-Visible spectrophotometry was used. Reactions with glutathione were fast enough to
be followed using the stopped flow technique . The wavelengths chosen for this complex
were 300, 266 and 240 nm for L-eysteine, DL-penicillamine and glutathione respectively.
4.2.4 Concentration Dependence
(Ptlbpma)(OH~)]2+
Study for O 2+(Ptlterpy)( H~)J and
In order to determine second order rate constants, k2, concentration dependence studies
were carried out. To ensure that the reactions proceeded to completion, pseudo first order
conditions were maintained. This was achieved by varying the concentration of the
nuc1eophile from 10 to 50 times the concentration of the complex, in increments of 10
times. The reactions were allowed to take place and a typical kinetic trace obtained from
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Figure 4.6 A stopped flow kinetic trace recorded for the reaction of (3.38 x 10-5 M)
[Pt(terpy)(OH;}f+with (1.69 x 10.3 M) DL-penicillamine at 240 nm and T
= 25°C.
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Pseudo first order rate constants, koos, were calculated from the single exponential kinetic
traces, by non-linear least-square fitS ofexperimental data to :
(4.5)
where A .J and A represent absorbances of the reaction mixture initially, at time to,.L~, co
and at the end of the reaction respectively. The accuracy of the fit is shown below the
graph. The exponential decay curves obtained in the case of [Pt(bpma)(OH2)f+ with the
thiols were also subjected to the same treatment but the kros were calculated using Origin
5.0 software.
Since the kinetic traces for the substitution reactions of the co-ordinated water by thiols
followed single exponentials, it suggests that the substitution reactions are first-order in
both the thiols and Pt(ll) complexes. The analysis of the kinetic data showed that the
pseudo-first order rate constants, koos, that were an average of six kinetic runs for the fast
reactions and four for the slow reactions, were linearly dependent upon thiol
concentration, according to the two-term rate law,
(4.6)
This is in accordance with the usual two-term rate law for nucleophilic substitution at a
square-planar d8 metal complex.'' As represented in equation (4.6), k2 denotes a second-
order rate constant for the forward reaction which involves the direct substitution of the
water molecule and k., represents a first order rate constant for the backward reaction
whereby the water molecule replaces the coordinated nucleophile attached to the metal
centre to form the aqua complex.
Hence from equation (4.6), plots of koos against the concentration of the thiols were
plotted. These are shown in Figure 4.7 (a) and (b) for [pt(terpy)(OH2)]2+ and
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[Pt(bpma)(OH2)f+ respectively. Straight line plots with zero intercepts were obtained for
the substitution reactions involving [Pt(terpy)(OH2)f+ with all the thiols, while small
noticeable intercepts were obtained for the substitution of water from [Pt(bpma)(OH2)]2+
for all the thiols. This implies that for the terpy complex, the backward reaction as shown
in equation (4.6), whereby the water molecule displaces the coordinated thiol to form the
original aqua complex, is not effective, i.e. k_2 :::: o. This means that equation (4.2) can be
written as:
implying that equation (4.6) becomes
(4.8)
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Figure 4. 7 Concentration dependence plots ofkobs on the concentration ofthe incoming
thiols at 25 "C, for (a) [Pt(terpy)(OH~f+ = 4.96 x 10-5M and (b)
[Pt(bpma)(OH~f+ = 4.94 x 10-5 M; pH 1.0 (HCI04) .
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4.2.5 Temper"ature Dependence Study
To determine the activation parameters namely, the entropy M~ and enthalpy AH~,
temperature dependence studies were performed. In these studies the concentration of the
thiols was fixed at 30 times the concentration of the complex for the reactions that did not
show any y-intercept (i.e. the reactions of [Pt(terpy)(OHz)f+ with the three thiols) in the
concentration dependence study when plotting kros versus concentration. In the case of
the reactions that did show a y-intercept, the temperature dependence was carried out at
each concentration. This included the reactions of [Pt(bpma)(OHz)]z+with the three thiols
investigated.
The temperature was varied from 20 to 40 °C in increments of 5 "C. The stopped flow
technique was applied in the reactions of [Pt(terpy)(OHz)f+ with L-eysteine and
glutathione as well as for those of [Pt(bpma)(OHz)f+ with glutathione. The other
reactions of [Pt(terpy)(OHz)]z+ with DL-penicillamine at 20 °C and those of
[Pt(bpma)(OHz)]z+ with L-cysteine and DL-penicillamine were too slow for the stopped
flow technique, as a result UV-Visible spectrophotometry was used instead.
Plots showing the effect of temperature on rates of reaction between [Pt(bpma)(OHz)]z+
and DL-penicillamine, glutathione and L-cysteine are shown in Figure 4.8 (a), (b) and
(c) respectively. The slope of the linear plot gave the required kz value at the respective
temperature. In the case of [Pt(terpy)(OHz)]z+ this value was obtained by dividing the
average kobs value by the concentration of the thiols which was a fixed term. All the kobs





























Figure 4.8 Plots ofobservedpseudo-first order constants versus [DL-penicillamine] (a)
and [glu tathione] (b) for the reaction between [Pt(bpma)(OH;Jf += 4.94 x
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Plots ofobserved pseudo-first order constants versus [L-cysteine]
and for the reaction between [Pt(bpma)(OH]jf+ = 4.94 x 10-5 M,
pH 1.0 (HCl04).
Activation parameters namely, !J.lf!i and tiS corresponding to these reactions were
determined from the Erying plots based on the obtained second order rate constants k2 for
each thiol. The graphs which involved plotting In(k2 IT) against (liT) were drawn and
these are shown for [Pt(terpy)(OH2)f + in Figure 4.9 (a) and [pt(bpma)(OH2)f + in
Figure 4.9 (b) respectively.
Entropy was obtained from the intercept {intercept = 23.8 + (f:.S#I R)} and enthalpy from
the slope {slope = (-W I R)} where R is the gas constant. The values obtained are listed
in Table 4.1 along with their standard deviations. Included in the table are equilibrium
constants K for [Pt(bpma)(OH2)]2+ as well as the second order rate constant, k2, values
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Figllre 4.9 Erying p/otsf or the reactions of[Pt(terp))(OH;Jf+(a) and
[Pt(bpma)(OH;Jf+(b) with different thio/s.
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Tahle4.1 Rate constants recorded at 25 °C and activation param eters for the reaction between the complexes [Pt(terpy)OH2f +
and [Pt(bpma)(OH2)f + with biological thiols at pH 1.0 (HCI04)
are literature values for [Pd(terpy)(OHz)Y'"and [Pd(bpma)(OHz)] .
Complex + Thiol k;98IM,ls,l k~~8 Is,l Ml ; /ld mol" LlS ;1J K"I mOrl KIM
[Ptete rpyjf) H 21z+
DL-Penicillamine 10.7±0.7 42±2 -83±8
L-Cysteine 29.7±0.2 23.7±0.9 -143±3
L-Glutathione 712+18 17.5+0.8 -132±3
rPt( bpma)OH21
H
DL-Penicillamine (l .07±0 .01)xI0·l (9 .9±I.3)x lO·5 53±2 -86 ±5 1083
L-Cysteine (l .25±0 .03) xI0·l (4 .2±0.4)x 10'4 44±1 -115±4 300
L-Glutathione (5 .17±0 .25)x l 0·l (4 .2±0.2)x 10'4 31±3 -141 ±8 1246
[Pd(tcnn')OH2)l +
DL-Penicillaminc (4.52±0.01) x l03 2S±1 -80±3
L-Cystcine (6.32 ±0.02) x l 03 32±1 -67±1
L-Glutathione (4.45 +0 .02) x l04 16+1 -102±l
rPd (b IJma)O H21
l
+
DL-Penicillamine (8.37±O.02) x l 02 35±2 -70±4
L-Cystcine (l .13±0 .01) x l 03 36±1 -66±3
L-Glutathione (5.45 ±O.04) x 103 36±1 -54±3
~
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4.2.6 Reactivity of [Pt(terpy)(OHl )l2+ versus [Pt(bpma)(OHl )l2+
This study has managed to compare the reactivity of the two platinum complexes
[Pt(terpy)(OHz)]2+ and [Pt(bpma)(OHz)]z+ using L-eysteine, DL-penicillamine and
glutathione thiols as the nucleophiles. The comparison is seen clearly from Table 4.1, in
which the corresponding reactivity of [Pt(bpma)(OHz)f+ is compared with that of
[Pt(terpy)(OHz)]2+; the latter complex reacts 10
z_103 faster with the same thiols. This
difference in reactivity has also been observed when nucleophiles other than the thiols
used in this study were used.' Similar behaviour in reactivity has also been observed in
the displacement of a water molecule from the palladium analogues namely
[Pd(terpy)(OHz)]z+and [Pd(bpma)(OHz)]z+using the same thiols .7
The difference in the rate of substitution is a reflection of the individual complex
structure. The structures of the two complexes investigated are shown in Scheme 4.2 .
The scheme shows that the difference between these complexes is the fact that the
platinum terpy complex consists of an additional pyridyl ring, which is trans to the
leaving group (H20) while in the case of the platinum bpma complex the leaving group is
trans to hydrogen bonded to the middle nitrogen.
Scheme 4.2 Structures of the complexes investigated; [Pt(terpy)(OHJJf+ (4) and
[Pt(bpma)(OHJJf+(7).
The enhanced reactivity of [Pt(terpy)(OH2)f+ can be largely attributed to extensive
conjugation of the aromatic system around the Pt-metal. 8 Hence, the flow of electron
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density away from the dlCl metal orbital into the aromatic antibonding 7t* orbitals due to
the 1t-back donation is more widely spread in the case of (Pt(terpy)(OHz)f+ than in
[Pt(bpma)(OHz)]z+. This increases the electrophilicity of the metal centre by making it
more positive, resulting in easier attack by the incoming nucleophile. In addition,
[Pt(terpy)(OHz)]z+ is likely to stabilize the trigonal-bipyramidal transition state much
better than (Pt(bpma)(OHz)]z+ through the delocalisation of the negative charge
facilitating new bond formation. The high lability of the metal-terpy system has also been
reported in the case of [Pdtterpy'Cl]" 9 and [Pttterpyjfll]".10, 11, rz The effect is similar to
that of [Pt(terpy)(OHz)f+ and has been described as being due to the electronic
communication between the aromatic system and the metal d lCl orbital.
A comparison of [Pt(terpy)(OHz)]z+and [Pt(bpma)(OHz)]z+ with [pd(terpy)(OH2)f+ and
[pd(bpma)HzO]2+ shows that in changing the spectator ligand from (bpma) to (terpy), the
reactivity increased by a factor of 1OZ_103 for Pt(II) metal but only by a factor of 5-8 for
Pd(II) metal when the same nucleophiles are used," This difference in reactivity points to
the fact that the aromatic terpy ligand increases the lability of the Pt(ll) metal more than
Pd(II) metal. This is because of the fact that platinum metal is a softer centre than
palladium metal and as a result it is more sensitive to the electronic communication
between the metal and the coplanar aromatic conjugation system. Hence the lability of
the platinum terpy complex is much greater than that of the palladium terpy complex.
The second order rate constants, kz, for (Pt(terpy)(OHz)f+ listed in Table 4.1 are similar
to ones reported by Burgarcic et al.' Looking at the two complexes investigated, the order
of reactivity of the thiols is also the same:
glutathione> Lcysteine > DL-penicillamine
i.e. glutathione being the most reactive while DL-penicillamine the least.
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The reactivity difference can be explained by considering the structural properties of
these ligands such as the steric effects and the neighbouring interaction effect (anchimeric
effect) . The structures of the thiols are as shown in Scheme 4.3.
L-Cysteine DL-PenicillalTine Glutathione
Scheme 4.3 Structure s ofthe three thiols used as nucleophiles.
Considering the steric effects of the thiols, DL-penicillamine is more sterically hindered
than L-cysteine due to the presence of the two methyl groups bonded to the carbon next
to the sulfur atom. Therefore one would expect the reactivity of DL-penicillamine with
the two complexes to be lower compared with that ofL-cysteine. This is what is observed
in Table 4.1 for both complexes. When glutathione is compared to the other two
nucleophiles, it is the bulkiest and therefore would be expected to be the least reactive .
However, the results show the opposite.
This unexpected reactivity points to the existence of an anchimeric effect (neighbouring
interaction effect). This feature probably arises from hydrogen bonding interactions
between the incoming thiols and the leaving water molecule during the transition state,
with a net reduction in the activation energy barrier of the substitution reaction. This
neighbouring group effect has also been observed in other reactions involving
[Pd(H20 )4t with monodentate acetate, propionate, glycolate carboxylic acid and
[Pt(H20 )4f with thioglycolic acid. 3, 12, 13 In general, the anchimeric effect has been
observed to play a role in most organic reactions." This same effect was reported to
operate in the formation ofPt(II) chelares.YThe lower reactivity ofDL-penicillamine can
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be linked to the presence of the two methyl groups attached to the u-carbon centre
causing steric hindrance.
The stability constants {K = k/1c2} for the [Pt(bpma)(OHz)]z+ complex show that the
thiol products that result from the substitution of water are quite stable. The sensitivity of
the reaction on the nature of the incoming group is an indication that these reactions
proceed via an associative mode of activation . This is supported by the large and negative
values of ss' for the forward reactions . The enthalpy values follow the trend of
substitution indicating that glutathione goes through the smallest energy barrier and DL-
penicillamine the highest, accounting for the trend of the k: values.
In conclusion, the results of this study have shown that the substitution reactions of the
two platinum complexes, [Pt(terpy)(OHz)f+ and [Pt(bpma)(OHz)f+ proceed via an
associative mechanism . Furthermore, the study has managed to compare the reactivity of
these two platinum(ll) complexes. The results have shown that [pt(terpy)(OHz)f+
complex is more reactive than [Pt(bpma)(OHz)f+. This difference in reactivity is mainly
because of the extended n-conjugation of the aromatic system around the Pt(terpy) metal
centre . The thiols investigated, L-cysteine, glutathione and DL-penicillamine were
observed to have a high affinity for the platinum(II) complexes. The order of reactivity
was found to be: glutathione > L-cysteine > DL-peniciIIamine. This difference is mainly
due to the steric hindrance in the case of the DL-peniciIIamine and due to the anchimeric
effect in the case of glutathione, which overcompensates the steric effect when compared
to L-cysteine. Therefore, bulkiness and solvation of the entering nucleophile playa major
role. It can therefore be said that compounds that contain a sulfhydryl group, if co-
administered in platinum anticancer therapy may play a role in the reduction of side
effects .
125
4.3 Reactions of [M(bpma)(OH~I2+(M =Pt or Pd) with r, Br-, cr,
SCN-, TU, DMTU and TMTU.
The rates of substitution of the coordinated water molecule from [pd(bpma)OHz]z+ using
TV, DMTV and TMTV and from [Pt(bpma)(OHz)]z+with TV, DMTV, TMTU cr. B{, r
and SCN as the incoming nucleophiles [Nu] were studied under pseudo-first-order
conditions using a stopped-flow technique. The reactions were carried out in aqueous
media ofpH 2-3 (NaCI04) . At the chosen pH the complexes were 100 % in the aqua form
(see section 4.2.1). Reactions involving the palladium complex were performed at 10 DC
because they were too fast to be followed at 25 DC. Because of this no temperature
dependence studies were carried out. In the case of the platinum complex the temperature
was varied between 20 and 40 DC in increments of 5 DC. The substitution reactions






[M(bpma)(O~)F+ + Nu :;;:... ======
M =Pt or Pd
Kinetic trials as described in section 4.2.3 were done so as to determine the optimum
experimental conditions. From these trials the wavelengths tabulated in Table 4.2 were
chosen for kinetic studies involving both complexes [Pt(bpma)(OHz)]2+ and
[Pd(bpma)(OHz)]z+. The concentrations of the complexes were 5.0 x 10-5 M and 4.62 x
10
4
M for Pt(II) and Pd(ll) respectively. AU the reactions were studied at constant ionic
strength J.l = 0.1 M (NaCI04) . Substitution reactions of [pd(bpma)(OHz)]z+ were only
investigated for TV, DMTV and TMTU. This is because the spectral changes between
the complex and the other nucleophiles were too small for stopped flow analysis.
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Table 4.2 Optimum wavelengths chosen for kinetic studies.
Nucleophile (pd(bpma)(OH2)f+ (pt(bpma)(OH2)]2+








Typical UV-Visible spectra for the reactions of [Pt(bpma)(OH2)f+ and
(pd(bpma)(OH2)f+ with different concentrations of NaCI and TMTU respectively are
shown in Figure 4.10 (a) and (b). The scans clearly show that when NaCI and TMTV
nucleophiles are used as incoming ligands a major change in absorbance is observed
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Figure 4.10 The UV-Visib le spectra for the reaction of (a) [Pt(bpma)(OH;}l+ with
NaCI at pH 2 solution and (b) [Pd(bpma)(OH;}r:with TMTU in pH 3
solution at 25 °C.
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4.3.1 Concentration Dependence Study for lM(bpma)(OH!)J2+ (M = Pi or Pd)
The second order rate constants, kz, were determined by carrying out concentration
dependence studies under pseudo-first order conditions by varying the concentration of
the nucleophile from 10 to 50 times that of the complexes. The stopped flow kinetic
traces for the reactions that can be represented by equation (4.5) were found to fit single
exponentials. This is an indication that the reactions were first-order in both the
concentration of the nucleophile and the complexes. Representative samples of the
kinetic traces obtained for the reaction involving [Pt(bpma)(OHz)f+ and
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Figure 4.11 (b) Stopped flow kinetic trace for the reaction of thiourea (TU) with
[Pd(bpma)(OHJJf+at 10 °C.
Straight line plots with zero intercept were obtained when the observed pseudo first-order
rate constants, k obs, were plotted against the concentrations of the incoming nucleophiles.
The graphs obtained are given in Figure 4.12 (a) and (b) for Pt(II) and Pd(Il) complexes
respectively. Since the linear plots had zero intercept, it can be concluded that the




] 2+ + Nu n- ~[Pt(NNN)Nu ] (2-n)+ + H
20 (4.10)
It therefore follows that the two-term rate law given by equation (4.6) can be expressed
as:
k obs =kJNu] (4.11)
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Figure 4.12 Plots ofkobs versus [Nul for (a) [Pt(bpma)(OH;Jf+(5.0 x 10-5M) at 25 °C
and (b) [Pd(bpma)(OH;Jf +(4.62 x 10-4 M) at 10 °C pH = 2-3 (HCI04) . Jl




4.3 .2 Temperature Dependence Studies
Temperature dependence studies for the purpose of determining the activation
parameters, MIl- and I!.S', were only done for [Pt(bpma)(OH2)f+ with TU, DMTU,
TMTU, I, Br', SCN- and cr at temperatures 15, 20,25, 30, 35 and 40 °C. These studies
were not carried out for [Pd(bpma)(OH2)f+ due to the fact that the reactions involving
this complex were extremely fast even at 10 °C. As a result it was difficult to analyze the
kinetic traces.
The corresponding Erying plots for Pt(II) complex based on the second order rate
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Figure 4.13 Temperature dependence plots/or the reaction of[Pt(bpma)(OH;J/+with
various nucleophiles.
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Using the slope and the y-intercept, M-:t and ss' values for each nucleophile were
calculated. These values with the associated second order rate constants, kz, at 25°C are
tabulated in Table 4.3. In order to compare the reactivities of the Pt(ll) and Pd(ll)
complexes, the kz values should have been determined at the same temperature. This was
not done, but a correction was achieved by converting kz for [Pt(bpma)(OHz)]z+ at 25 °C
to 10 °c using the linear equations (equation 4.12) from the Erying plots ofTU, DMTU
and TMTU assuming that the linearity exists down to 10°C.
(4.12)
The symbols m and c in equation (4.12) are the slope and the intercept whose values are
known for the respective nucleophiles. The resulting kz values that were calculated for 10
"C are included in Table 4.3.
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Table 4.3 Second order rate constants, (k2), and activation param eters f or the reaction
of [Pt(bpma)(OH2)f+ and [Pt(bpma)(OH2Jf+ with various nucleophiles in
aqueous solution ofpH 2-3 (HCI0 4) , J1 = 0.1 M (NaCI0 4) .
ki83/M-IS· I ki98 /M-Is-I ilH ~ lId mol" ilS ~ IJ K-I mol"
IPt(bpma)(002) 12+
TU 162.1 405 ±3 38.7 ± 0.8 -66 ±3
DMTU 223.0 570 ± 2 41.1 ± 0.7 -55 ± 2
TMTU 70.3 180 ± 5 46.9 ± 0.6 -44 ± 2
r 267.4 788 ±4 47.1 ±0.5 -32 ± 2
Sr- 17.4 57.0 ± 0.3 53.2 ±0.6 -33 ± 2
cr 3.9 9.6 ± 0.1 60.9 ± 0.4 -22 ± 1
SCN- 137.4 384 ±2 46.4 ± 0.2 -40 ± I
IPd(bpma)(OH2)12+
TU (2.12 ± 0.05)x 105
DMTU (2.17 ± 0.02)x 105
TMTU (1.24 ± 0.01)x]05
4.3.3 Reactivity
In general the reactivity of many Pt(II) complexes is a factor of 105_106 lower than that of
the corresponding Pd(II) complexes.l" 17, 18, 33 For instance, the rate of solvent exchange
for [Pd(H20)4]2+ is 106 times faster than for [Pt(H20)4]2+. This reactivity is largely
influenced by the co-ordination environment and the nature of the incoming nucleophile.
Basolo !", Rome020, 21 , 22 and van Eldik23 have shown that introduction of the metal-carbon
bond strongly stabilizes the trans position for a substitution reaction through the a-effect.
When four metal-carbon bonds are involved , the difference in reactivity between Pt(II)
and Pd(II) disappears.i" The other route which has been used is to slow down the rate of
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reaction ofPd(II) to approach that ofPt(II) through the introduction ofsteric hindrance.r ' '
Z6, T1
Investigations looking specifically at the role of the n-effect in substitution reactions has
received less attention because of the difficulty of separating it from that of the strong a-
effect. Recently, Jaganyi et a/,8, z8showed that it is possible to separate the two electronic
effects. In this part of the study a comparison is being made between Pt(ll) and Pd(ll) so
as to shed light on the role of the x-effect on the reactivity of the two metal centres .
Platinum is a softer centre than palladium, therefore it is more sensitive to electronic
communication between the metal and the chelate ring than is palladium. This behaviour
has also been observed for the reactions of [Pd(terpy)(OHz)]z+ and [pt(terpy)(OHz)f+
with thiols as nucleophiles'
From this study, a companson of the reactions between [pd(bpma)(OHz)]z+ and
[Pt(bpma)(OHz)f+with nucleophiles TV, DMfV and TMfU at 10°C has been managed.
The values of the second order rate constants, ka, given in Table 4.3 clearly indicate that
the reactivity of [pd(bpma)(OHz)f+ is higher than that of [Pt(bpma)(OHz)f+by at least
three orders of magnitude. The reactivity difference points to the metal properties since
the spectator ligand and the leaving group are the same in both complexes. The a-effect
in both cases is also the same."
In this case the reactivity difference between [Pd(bpma)(OHz)f+ and [Pt(bpma)(OHz)f+
is 103 instead of the 105_106 seen in earlier studies.16, 17, 18, 33 This increase in reactivity of
Pt(ll) can be explained in terms of n-back bonding due to the two cis pyridyl rings. The
presence of the pyridine group increases the electrophilicity of the metal centre by
accepting back donation of electron density from the metal centre. This reduces the
electron density on the metal making it more positive . This has an effect of lowering the
energy of n*-orbitals and resulting in an enhanced reactivity towards the incoming
nucleophiles. Apart from making the metal centre more electrophilic, the chelate
stabilizes the trigonal-bipyramidal intermediate by withdrawing the electrons from the
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incoming nuc1eophile. The explanation given should apply to both metals, but this seems
not to be the case when one looks at the lowering of the reactivity difference between the
two complexes investigated.
The second order rate constants (k2) given in Table 4.3 show that the reactivity of the
nucleophiles towards the complexes follows the order TMTU < TU< DMTU for the
platinum-bpma complex and TMTU < TU ::::;; DMTU for the palladium complex.
The trends can be explained in terms of the steric and the inductive effects of the
nucleophiles. The order of decreasing steric hindrance for these three nucleophiles is as
follows: TMTU < DMTU < TV. Theoretically, it would be expected that TU would be a
better nucleophile towards the metal centre, followed by DMTU and TMTU would be the
least reactive nucleophile because of the degree of its steric hindrance due to the four
methyl groups bonded to the nitrogen. However, the trends point out that DMTU is a
much better nucleophile than TV. The reason for this behaviour is the inductive effect
introduced by the two methyl groups in the case of DMTU, which overcompensate the
steric effect. In the case of the palladium complex the reactivities of TU and DMTU are
practically equal, this implies that the inductive effect is still playing a role. However its
effect is of less significance in this case because of the nature of the metal centre as
already explained above.
The order of the reacnvity with respect to the substitution of water from
[Pt(bpma)(OH2)]2+ with halides, namely Cl', B{ and F, seems to increase with the
polarizability of the halide. The polarizabilities of the halides are 2.18 x 10-24, 3.05 X 10-24
and 4.7 x 10-24 cnr' for Cl, Br', and r respectively." Iodine is the most polarized halide
and can be classified as a softer ligand compared to the rest. Soft nuc1eophiles
(polarizable) favour soft substrates and hard ligands (nonpolarizable) prefer hard
substrates.i" Since platinum(II) is a "soft" Lewis acid it is not sup rising that its reactivity
with the halide and SCN are in agreement with the polarizabilities of the nuc1eophiles .
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The second order rate constants, (k2) , for the reaction of[Pt(bpma)(OH2)]2+ with various
nucleophiles shows an order of nucleophilicity as: r > DMTU > TU > SCN- > TMTU >
Br > cr which deviates from that reported by Pitteri et aPl for [Pt(SNS)Clt, SNS
denotes 2,6-bis(methylthiomethyl)pyridine and in agreement with that ofBelluco et al for
[Pt(pyhCb] systems.32 In order to determine the ability of [Pt(bpma)(OH2)f + to
discriminate between the nucleophiles , a Linear Free Energy Relationship (LFER) was
determined. A plot of logk2 against the nucleophilicity constants of the nucleophiles (n~t )
was plotted in Figure 4.14 . The values of n~t used for the plot were TU = 7.17, T = 3.04,
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Figure 4.14 Linear free energy relationship of [Pt(bpma)(OH;J/ + with different
nucleophiles.
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The plot obtained can be represented by equation (4.13), where s represents the
nucleophilic discrimination factor. A straight-line indicates that the reactions of these
nucleophiles with the platinum complex occur via the same mechanism.
logk2 =sn;t(Y) + constant (4.13)
Since the points fall approximately on the straight line, this indicates that the reactions of
these nucleophiles with the platinum complex occur via the same mechanism. From the
slope of the graph the value of s for [Pt(bpma)(OH2)]2+ was obtained to be 0.38. This
value which is dependent on the nature of the complex is less than that of the standard
substrate trans-[Pt(pyhCh] (s = 1.00).34 This means that [Pt(bpma)(OH2)]2+ is less
discriminating in reacting with different nucleophiles when compared to trans-
[Pt(PyhCh]. The constant term is attributed to k.; the rate constant for the attack by
solvent. This term is not playing a role in these reactions since the concentration
dependence studies had zero intercepts indicating the absence of the back reaction.
This kind ofLFER plot has been reported in literature for other reactions.V' 36 One of the
reasons why nucleophiles such as TV have high reactivity towards a platinum centre is
that it has a capacity to stabilize the five-coordinated transition state through metal-to-
ligand n-interactions.34
The slight sensitivity of the reaction rates on the nature of the incoming ligands and the
negative entropies of activation indicate that the reactions proceed via an associative
mode of activation. There is very little difference in the enthalpy values. But a close look
at the values reveals a trend which is more or less in line with the k2values.
In conclusion, the study has shown that it is possible to increase the reactivity of the
Pt(II) metal centre through the introduction of the z-effect. This tuning of the metal
complex does not change the substitution mechanism, which remains associative. The
results show that [pd(bpma)(OH2)f+ is 10
3 times more reactive than [Pt(bpma)(OH2)]2+.
The reactivity of the nucleophiles toward these complexes were found to follow the trend
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DMTV > TV > TMTV for [Pt(bpma)(OH2)f+ and DMTV ::::: TV > TMTV for
[pd(bpma)(OH2)f+. This order has been attributed to the steric hindrance in the case of
TMTV and the inductive effect in case ofDMTU.
The reactivity of the other nucleophiles investigated, namely I', SCN-, Br' and cr follows
the order r > SCN > Br' > cr. This reactivity order depends on the polarizability of the
incoming ligand . Iodine being the most polarized halide, reacts much faster than the other
nucleophiles. The entropy values for [pt(bpma)(OH2)]2+ are negative which confirm that
the mechanism is associative as expected.
4.4 Kinetic Studies of the Monoagua Ruthenium(lD Polypyridine
Complexes
The pH titrations for [Ru(terpy)(bipy)(OH2)]2+ and [Ru(terpy)(tmen)(OH2)]2+ were
carried out in aqueous solution over a pH range of 1-12. Since the initial pH was I
(HCl04) it meant that the ionic strength was II = O.I M . The concentrations of the
complexes were 8.42 x 10-5 M and 7.60 x 10-5 M for [Ru(terpy)(bipy)(OH2)]2+ and
[Ru(terpy)(tmen)(OH2)]2+, respectively. These were titrated using an aqueous solution of
NaOH as described in section 4.2.1 at 25°C. The titration reactions of these complexes
with NaOH can be represented by equation (4.14).
[Ru(terpy)(NN)(OH2)]2++ OH-~~ [Ru(terpy)(NN)OH]+ + H20
NN = bipyridine or N,N,N ',N"-tetramethylethylenediamine
(4.14)
Isosbetic points were observed upon titration, which is a clear indication that only two
species were present in the solution (the hydroxo and the aqua species) and these species
were in equilibrium as presented by equation (4.14). Reversibility of the titration was
observed when a small amount ofHCl04 was added to the titrated solution.
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The UV-Vis spectra representing the titration curves for [Ru(terpy)(bipy)(OH2)]2+ and
[Ru(terpy)(tmen)(OH2)]2+ are given in Figures 4.15 and 4.16 respectively. The insets are
plots of absorbance versus pH at A = 365 and A = 360 nm. The pKa curves were fitted
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Figure 4.15 UV-Vis spectra of fRu(terpy) (bipy)(OHJJf +(8.42 x 10-5 M), in JL = 0.1 M
(HC10 4) ; pH range 2-12, T = 25 °C. Inset is the pKaplot ofabsorbance
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Figure 4.16 UV-Vis spectra of (Ru (terpy)(tmen)(OH2)/ + (8.39 x 10-
5 M), in f1 = 0.1 M
(HCI0 4) ; pH range 2-12, T = 25 °C. Inset is the pKa plot of absorbance
versus pH at A = 360 nm.
The values ofpKa for the complexes were determined to be 9.99 ± 0.04 and 10.27 ± 0.04
for [Ru(terpy)(bipy)(OH2)]2+ and [Ru(terpy)(tmen)(OH2)]2+ respectively. These pKa
values agree with those reported in the literature of 9.7 for [Ru(terpy)(bipy)(OH2)f+ and
10.2 for [Ru(terpy)(tmen)(OH2)]2+ obtained through an electrochemistry study.37, 38, 39
From the pKa values, it can be said that within pH 1-8, both complexes exist as pure aqua
complexes. At pH's higher than 12, the complexes are entirely hydroxo species. As a
result , substitution react ions of the coordinated water from these complexes were carried
out within the pH range where the complexes were in the aqua form.
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4.4.1 Substitution Reaction of (Ru(terpyl(NN)(OH~)J2+(NN = 2,2"-bipyridine or N,
No N'o N'-tetramethylethylenediaminel with CH~CN,TV and DMTV
The substitution reaction of the coordinated water from [Ru(terpy)(NN)(OH2)f+ (NN =
2,2' -bipyridine and N, N, N ', N "-tetramethyl ethylenediamine) with the nucleophiles (Nu)
denotes CH3CN, DMTV, and TV were carried out in aqueous media of pH 4.0 (HCI04),
Il = 0.1 M. The ionic strength was adjusted using NaCI04. The kinetic studies were
monitored spectrophotometrically by taking repetitive UV-Vis scans as a function of
time. These reactions can be represented by equation (4.15).
[Ru(terpy)(NN)(OH2)]2++ Nu
The UV-Vis repennve scans for the reactions of [Ru(terpy)(bipy)(OH2)f+ and
(Ru(terpy)(tmen)(OH2)f+ with DMTV, TV and CH3CN are given in Figures 4.17 (a),
(b) and (c) and Figures 4.18 (a), (b) and (c) respectively. The Figures also show the
corresponding kinetic traces, which were obtained by plotting absorbance versus time
(Insets) at the specified wavelengths. After obtaining the wavelength of interest from the
first scan the consecutive reactions at the other concentrations were monitored at this
fixed wavelength .
The kinetic traces that were obtained were fitted using Origin 50 and were found to
follow single exponentials which suggests that the substitution reactions were first-order
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Figure 4.17(a) UV-Vis spectra for the reaction of[Ru(terpy) (bipy)(OH2)J2+ (1.683 x 10-
4 M) with DMTU in pH 4.0 (HCI04)
aqueous solution, T = 25 DC and fA = 0.1 M (NaCI0 4). Inset is the corresponding kinetic plot for the reaction at
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Figure 4.17(h) UV-Vis spec tra recordedfor the reaction of[Ru(terpy)(bipy)(OH~/+ (1.683 x 10-4 M) with TU recorded in pH
4.0 (HCI04) aqueous solution, T = 25 DC and fJ = 0.1 M (NaCI0 4). Inset is the corresponding kinetic plotfor
the reaction at ). = 458 nm.
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Figure 4.17(c) UV-Vis spectra recorded fo r the reaction offRu(terpy) (bipy)(OH»/+(1.683 x 10-4 M) with CH3CN recorded in pH 4.0
(HCl0 4) aqueous solution, T = 25 °C and f.1 = 0.1 M (NaClO,J. Inset is the corresponding kinetic p lot f or the reaction
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Figure 4./8(al UV-Vis spectra recorded f or the reactions offRu(telpy)(tmen)(OH;J/ + (8.39 x 10-5 M) with DMTU recorded in
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Figure 4.18(h) UV-Vis spec tra recorded for the reaction of[Ru(terpy)(tmen)(OH2)/+(8.39 x 10-4 M) with TU recorded in pH
4.0 (HCI0 4) aqueous solution, T = 25 °C and fJ = 0.1 M (NaCI04). Inset is the corresponding kinetic plot fo r











































Figure 4.18(c) UV-Vis spectra for the reaction of[Ru(terpy)(tmen)(OH2)/ + (8.39 x 10-
5 M) with CH3CN recorded in pH 4.0 (HCI0 4)
aqueous solution, T = 25 °C and p = 0.1 M (NaCI04). Inset is the corresponding kinetic plot for the reaction at). = 386
nm.
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Analysis of the kinetic data for [Ru(terpy)(bipy)(OHz)f+ resulted in straight line graphs
with zero intercepts when k obs (average of four) was plotted versus the nucleophile
concentration. Since the back substitution due to the solvent is absent, the linear
dependence of k obs on the concentration of the nucleophile can be expressed as:
(4.16)
The graphs obtained for the two complexes are shown in Figure 4.19 (a), (b) and (c) for
[Ru(terpy)(bipy)(OHz)]z+ and Figure 4.20 (a), (b) and (c) for [Ru(terpy)(tmen)(OHz)f+.
A non-zero intercept was obtained for the plot of k obs versus [DMTU], [TU], and
[CH3CN] for [Ru(terpy)(tmen)(OHz)]z+. Therefore in this case the backward reaction















Figure 4.19 (a) Plots of kobs dependence on the concentration of DMTU
[Ru(terpy)(bipy)(OH2)i + (1.683 x 10-4 M) , pH = 4 (HCI04) , f1 =
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Figure 4.19 Plots of kobs dependence on the concentration of (b) CH3CN and (c) TV
[RlI(terpy)(bipy)(OH2)f + (1.683 x ]0-4 M) , pH = 4 (HCI0 4) . J1 = 0.1 M
(NaCI04) , T = 25 "C.
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involved the replacement of the ammonia ligand by isonicotinamide (isn) resulting in rate
constants of lower values (3.5 x 10-3 - 5.0 X 10-3) .44, 43 The other ligands used include:
CO, N2, Imn (Imidazole), py, OH, CN", S032-, imc (C-bound imidazole) whose specific
rate constant ranged from 3 x 1O-6:M"1 sol for CO to 60 :M"l sol for imc, when isn is used as
the incoming ligand."
Recently reactions involving the substitution of the water molecule from Ru(ll)
complexes has centred around bidentate and tridentate ligands.45, 46 Studies involving
polypyridyl complexes of ruthenium(II) have not resulted in a big difference in terms of
rate constants, when compared to those of ammonia ligand. The largest increase in rate
constant reported to date that involves the effect of the spectator ligand on the
ruthenium(ll) centre is by Huynh et al.47 They observed a dramatic 1.9 x 10
7
rate increase
in the substitution of water molecule by changing the spectator ligand (L3) from terpy
[(5.9 ± 0.1) x 10-6 M-ls'l] to tris(pyrid-2-yl)methoxymethane (tppm) [(1.1 ± 0.) x 102:M"
IS-l] in [Ru(H20)(dpp)L3] complex. In another study they managed to increase the rate of
substitution of water by 9.4 x 105 fold when DPMet {di(l-pyrazolyl)methane} (7.0 x 10'5
M-ls-l) was replaced with DPPro {(2,2-di(l-dipyrazolyl)propane}(66 M-ls·l) in the case
of [Ru(H20)(tpmm)L2] complexl'These "heteroscorpionate" ligands are shown under
Table 4.4.
In this work the effect of the bidentate ligand on the reactivity of
[Ru(terpy)(NN)(OH2)](CI04h was investigated by changing NN from bipy to tmen. The
second order rate constants, (k2) , obtained are tabulated in Table 4.4. The k2 value for
[Ru(terpy)(tmen)(OH2)]2+ is 1.8 times bigger than for that of [Ru(terpy)(bipy)(OH2)f +
when TV is used as the incoming nucleophile. When DMTV is used the factor becomes
1.5. In the case ofCH3CN there is no noticeable difference. This lack of sensitivity to the
nature of the incoming ligand is an indication that there is a considerable degree of bond
breaking in the transition state, suggesting .that the substitution reaction must be going
through a dissociative mechanism as reported in other similar systems.": 47 The slight
reactivity difference between these two complexes can be explained in terms ofstructural
differences. Looking at Figure 4.21 (b) tmen consists of methyl groups bonded to the
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nitrogen. One would have expected, as in the case of the heteroscorpionate ligands
(Figure 4.21 (cj) , a hydrogen-oxygen interaction between the tmen methyl group and the
oxygen of the leaving aqua group. Looking at the two structures, the interaction would be
expected to be more effective in the case oftmen than bipy system because of the rigidity
of the bipy ligand. The small difference in reactivity points to the fact that the expected




=1.08 x IO-4 M l s· l
[Ru(terpy)(tmen)OH2F+
k2 = 0.8 X 10-4 M ls·1
r>;»>.
N N N =terpyridine
[Ru(tpmm)(DPPro)OH2F+
k2 = 66 M·1s·
I
Figure 4.21 Possible hydrogen-oxygen interaction in (a) [RlI(terpy)(bipy)(OHJf+. (b)
[RlI(terpJHtm en)(OHJ f +and (c) [Ru(tpmm)(DPPro)(OHJ f +.
The other possible reason for the small difference in react ivity is the presence of n-back
bonding. In the bipy system, both the terpy as well as the bipy withdraw electron density
from the metal centre, leaving ruthenium(II) more electrophilic. Given the dissociative
nature of the reaction the metal-oxygen bond will be stronger In the
[Ru(terpy)(bipy)(OH2)]2+ than in the [Ru(terpy)(tmen)(OH2)f +. This is supported by the
pKa values of the two complexes. This same reasoning can be used to explain why the k2
values involving polypyridyl complexes are in general smaller by a factor of 100 or more
when compared to [Ru(NH3)4L(OH2) ] complexes. The big difference of 1.9 x 107 for k2
reported by Huynh et al involved replacement of terpy by tpmm. Th is did not only
remove the back donation effect, but also increased the steric effect which is thought to
be responsible for the high reactivity .47
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One question that needs to be answered is why the k2 values involving the terpy system as
shown in Table 4.4 are very similar in magnitude with the exception of
[Ru(terpy)(Me2phen)(OH2)]2+. The driving force behind the Me-phen ligand is a steric
effect introduced by the two methyl groups. The remaining complexes can be explained
in terms of the terpy ligand. Taking the complexes investigated in this study it can be
concluded that the withdrawing power of the terpy ligand through z-back donation is so
strong that attaching any other ligands makes very little difference.
When comparing the reactivity of the incoming nucleophiles namely, DMTV, TV and
CH3CN towards the ruthenium centre, it is clear that the sulfur donors are better
nucleophiles towards the Ru(ll) centre than the nitrogen donor. The order of the reactivity
of the nucleophiles towards the ruthenium center is: DMTV > TV > CH3CN. The high
reactivity of the DMTV can be explained to be due to the inductive effect of the methyl
groups making it more nucleophilic. Since the reactivities of TV and DMTV, are
different for the two complexes, this can be taken as an indication of the electrophilicity
of the metal center, an additional proof that the z-back donation is playing a role in these
substitution studies.
In conclusion, the study has managed to synthesize, characterize and compare the
reactivity of [Ru(terpy)(bipy)(OH2)f+ and [Ru(terpy)(tmen)(OH2)f+. The slight
difference in reactivity between the two complexes is due to the difference in n-back
bonding effect. The investigation has also shown that sulfur donor ligands have a high




1) K. J. Takeuchi, M.S . Thompson, D. W. Pipes and T. 1. Meyer, In0 rg. Chem.,
1984,23 , 1845.
2) C. Ho and C. Che, J Chem. Soc., Dalton Trans., 1990, 967.
3) T. Shi, J. Berglund, and L. 1 Elding,Inorg. Chem., 1996,35,3498 .
4) D. L. Rabenstein, J. Am. Chem. Soc., 1973,95, 2797.
5) Applied Photophysics SX.18MV, Sequential Stopped-Flow ASVD
Spectrofluorimeter, Software Manual. Applied Photophysics Ltd ., Kingston Road,
Leatherhead, UK.; Kinetic traces from the repetitive scans were analysed using
Origin50 version 5.0 a data analysis and technical graphics software.
6) M. L. Tobe, Comprehensive Coordination Chemistry, Pergamon Press, 1987, 1, p.
313 .
7) Z.D. Bugarcic, G. Liehr and R van Eldik, J. Chem. Soc., Dalton Trans., 2002,
95l.
8) D. Jaganyi, A. Hofinann and R van Eldik, Angew. Chem., Int. Ed., 2001, 40,
1680.
9) M. Casumano, G. Guglielmo and V. Ricevuto, Inorg. Chim. Acta, 27, 197 (1978).
10) B. Pitteri, G. Marangoni, F. V. Viseutim, L. Cattalini and T. Bobbo, Polyhedron,
1998,17,475 .
11) B. V. Petrovic, M. I. Djuran and Z.D. Bugarcic, Met.-Based Drugs, 1999,6,355 .
12) G. Annibale, M. Brandolisio, Z. D. Bugarcic and L. Cattalini, Transition Met.
Chem., 1998,23, 715.
13) Z. D. Burgarcic and B. V. Djordjevic,Monatsh. Chem., 1998, 129,1267.
14) R G. Wilkins, Kinetics and Mechanism of Reactions of Transition Metal
Complexes, New York, 1991 .
15) R G. Wilkins, Kinetics and Mechanism ofReactions ofTransition Metal
Complexes, 2nd Edition, New York, 1991, 240 .
16) RG. Wilkins, Kinetics andMechanism ofReactions ofTransition Metal
Complexes, 2nd Edition New York, 1991, 232 .
157
17) F. Basolo and R. G. Pearson, Mechanisms ofInorganic Reactions,A study of
Metal Complexes in Solution, 2nd, John Wiley and Sons, Inc., 1967,351 ,406,415 .
18) F. A. Cotton, G. Wilkinson , Advanced Inorganic Chemistry, 5th Edition, John
Wiley & Sons, New York, 1988, 1297.
19) F. Basolo, 1. Chatt, H. B. Gray, R. G. Pearson and B. L. Show, J. Chem. Soc.,
1961,2207.
20) D. Minniti, G. Alibrandi, M. L. Tobe and R. Romeo, Inorg. Chem., 1987,26,
3956.
21) G. A1ibrandi, D. Minniti, L. M. Scolaro and R. Romeo, J. Am. Chem. Soc ., 1988,
27,318.
22) U. Frey, L. Helm, A. E. Merbach and R. Romeo, JAm. Chem. Soc., 1989,111,
8161.
23) M. Schmiilling, A. D. Ryabov and R. van Eldik,J. Chem. Soc., Dalton Trans.,
1994, 1257.
24) U. Frey, L. Helm, S. Elmorth, B. Moullet, L.l Elding and A. E. Merbach, Inorg.
Chem., 1991, 30, 5033.
25) E. 1. Breet and R. van Eldik, Inorg. Chem., 1984,23, 1865.
26) E. 1. Breet, R. van Eldik, and H. Keirn, Polyhedron ., 1983,2, 1181.
27) J. Berger, M. Kotowski, R. van Eldik , U. Frey, L. Helm and A. E. Merbach,
Inorg. Chem., 1989,28,3759.
28) A. Hofinann, D. Jaganyi, O. Q. Munro , G. Liehr, and R. van Eldik, Inorg. Chern.,
2003, 42, 1688.
29) B. Pitteri, G. Marangoni , L. Cattalini and T. Bobbo, J. Chem. Soc., Dalton Trans.,
1995,3853.
30) R. G. Pearson, J. Am. Chem. Soc., 1963,85,3533.
31) L. Cattalini, G. Chessa, G. Marangoni , B. Pitteri, and E. Celon., Inorg. Chem.,
1989, 28, 1944.
32) U. Belluco, L. Cattalini, F. Basolo , R. G. Pearson, and A. Turco, J. Am. Chem.
Soc., 1965,241.
158
33) M. L. Tobe and 1. Burgess, Inorganic Reaction Mechanisms, Addison Wesley
Longman Limited, 1999,84.
34) B. Pitteri, L. Canovesa, G. Chessa, G. Marangoni and P. Uguagliati, Polyhedron,
1992, 11,2363.
35) U. Belluco, L. Cattalini, F. Basolo, RG. Pearson, A. Turco,Ibid, 1965, 87, 24l.
36) R G. Pearson, H. Sobel, 1. Songstad, JAm. Chem. Soc., 1968,90,319.
37) A. Gerli, J. Reedjik, M. T. Lakin and A. L. Spek,Inorg. Chem., 1995,34,1836.
38) N.Groveer, N. Gupta, P. Singh, and H. H. Thorp, Inorg. Chem., 1992, 31, 2041 .
39) N. Gupta, N. Grover, G. A. Neyahart, P. Singh , H. H. Thorp, Inorg. Chem., 1993,
32,310.
40) C. A. Bessel, 1. A. Margarucci, 1. H. Acquaye, R S. Rubino, J. Crandall, A. 1.
Jircitano , and K. Takeuchi, Inorg. Chem., 1993,32,5779.
41) M. H. V. Huynh, 1. M. Lasker, M. Wetzler, B. Mort, L. F. Szcepura, L. M.
Witham, J. M. Cintron , A. C. Marschilok, L. 1. Ackerman, R. K. Castellano, D. L.
Jameson, M. R. Churchill, A. 1. Jircitanoand T. 1. Takeuchi, JAm. Chem. Soc.,
2001,123,8784.
42) 1. Rapport, L. Helm, A. E. Merbach, P. Bernhard and A. Ludi, Inorg. Chem.,
1998, 27,873 .
43) L. Dozsa, 1. E. Sutton and H. Taube, Inorg. Chem., 1982, 21,3997.
44) S. S. Isied and H. Taube, Inorg. Chem., 1976,15, 307l.
45) N. E. Davies, T. L. Mullins, Aust. J Chem., 1968,21,915.
46) L. R. Allen, P. P. Craft , B. Durham, and J. Walsh,Inorg. Chem., 1987,26, 53.
47) M. H. V. Huynh, J. Smyth, M. Welzler, B. Mort, P. K. Gong, L. M. Witham, D.
L. Jameson, D. K. Geiger, 1. M. Lasker, M. Charepoo, M. Gomikiewicz, 1. M.
Cintron, G. Imahori, R. R. Sanchez, A. C. Marschilok, L. M. Krajkowski, D. G.



















I"" I'" 'I"" I"" I'
tD." 10.2 10.0 9.' 9.6
I L..Jv <:» U '---" '-----'
"'1""1 " "1" "1 "" I'" ' I" " I"" I' " ' I" "I'" 'I' "'I"" I' " 'I"" I







, , , I ' , , , I
2 ,10 9 8 1 IS S 4 J
i I I I I Iii. I ' I , iii. I i I I I I iii ii i I ii , , I I i i ii '




, 500 MHzb): be 10.239 (dd, J6-5 = 5.541Hz, H6) , 8.627 (d, J3-4=
8.00 Hz, H3), 8.523 (d, Je-r= 8.00 Hz, He) , 8.419 (d, Js: = 8.00 Hz), 8.353 (d, J3' -4' =
8.00 Hz, H3 '), 8.280 (me, J4-5 = 8.00 Hz, H4), 8.118 (f, Jr-e= 8.00 Hz, Hf), 7.969 (m,
J5-4 = 8.312 Hz, H5), 7.705 (ddd", Je-d = 8.00 Hz, Je-b = 8.00Hz, He), 7.680 (d, Ja-b =
5.541, Ha), 7.327 (d, J6'-5' = 4.926, H6 '), 6.945 (m, Jb-a = 5.541, Jb-e = 8.00Hz, Hb) .
The proton NMR of [Ru(terpy)(bipy)CI]CI consists of 14 resonances, 8 from the two
nonequivalent bipyridine rings and the other 6 resonances are from the terpyridine.
The splitting of the terpyridine is the same due to the fact that the terpyridine protons
are all on the same plane.
From the spectrum, there is a doublet, which integrates for one proton at around 10.20
ppm. On the basis of Correlation Spectroscopy (COSY), this proton couples with the
proton, which gave a triplet at around 8.0 ppm . The proton that gave a doublet at
10.20 ppm is assigned to proton 6 of the bipyridine, which is close to the chloride. As
the result of the large diamagnetic anisotropy of the chloride the proton resonance
downfield compared to the other bipyridine as well as the terpyridine protons.
The signal at 7.3 ppm for [Ru(terpy)(bipy)CI]CI is attributed to 6' of the bipyridine
ring trans to the chloride ligands. The large upfield shift of this proton with respect to
the other protons of the bipyridine is ascribed to the diamagnetic anisotropy of the
adjacent terpyridine rings. The assignment of the other terpyridine and bipyridine
signals follows from the COSY spectrum.
a CD3CN (deuterated acetonitrile)
b MHz (mega Hertz)




g ddd (doublet of a doublet of a doublet)
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, 500 MHzb): s 9.128 (dd, 2H, HA), 8.395 (d, 4H, ~D), 8.019 (me,
2H, He) , 7.856 (m, IH, HH), 7.667 (m, 2H, Hs), 3.416 (Sf, 6H, methyl protons next to




______J l.-'lA-'L~'U'__ _~ \.l1t.....J
, ' I" , , I " , ' I' , , , I ' , , " ' " ' I' " ' I ' " , I ' " I" " I ' , , , I ' " , I ' , , , I ' , , , I ' , " I '
12 11 10 , • 7 , , ~ ] 1 1 0 ·1 -2
Figure A.3 lH-NMR spectrum of[Ru(terpy) (OH2J3i+in CD3CN.
:IH-NMR(CD3CN, 500 MHz): 8 8.826 (d, 2H, Ho), 8.572 (d, 2H, HD) , 8.442 (m, IH,
HH), 7.933 (m, 2H, He) , 7.355 (d, 2H, HA) , 7.177 (m, 2H, Hs) .
a CD3CN (deuterated acetonitrile)
b MHz (Mega Hertz)
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Figure A.4 1H-NMR spectrum ofuncoordinated terpyridine (terpy) ligand in
CDCh
IH-NMR(CDCha, 500 MHz~ : 08.699 (dC, 2H, HA) , 8.613 (d, 2H, HD), 8.461 (d, 2H,
Ho), 7.960 (m'', IH, HH), 7.856 (m, 2H, He) , 7.329 (m, 2H, HB)
a CDCh(deuterated chloroform)
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BOND ANGLES, DISTANCES FOR THE X-RAY STRUCTURES
Table Cl Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2 x 103) for [Ru(terpy)(bipy)Cl}C104• U(eq) is defined as
one third ofthe trace ofthe orthogonalized vi} tensor.
x y z U(eq)
Ru(l) 1459(1) 7580(1) 8065(1) 36(1)
N(I) -590(4) 7544(3) 7140(3) 44(1)
N(I') 1679(4) 6849(3) 6614(3) 41(1)
N(2) 2851(5) 9159(3) 7972(3) 45(1)
N(3) 3490(4) 7647(3) 8808(3) 40(1)
N(4) 856(5) 6034(3) 8449(3) 41(1)
C(2') 556(6) 6790(4) 5804(4) 45(1)
C(3') 642(7) 6355(5) 4783(4) 60(1)
C(4') 1871(8) 5978(6) 4589(4) 67(2)
C(5') 2968(7) 5995(5) 5418(5) 61(1)
C(6') 2832(6) 6431(4) 6405(4) 50(1)
C(2) -695(6) 7189(4) 6103(4) 45(1)
C(3) -1929(7) 7229(5) 5401(5) 61(1)
C(4) -3056(7) 7640(6) 5757(5) 71(2)
C(5) -2933(7) 7996(6) 6791(5) 69(2)
C(6) -1703(6) 7927(5) 7482(4) 57(1)
C(22) 4378(5) 9443(4) 8444(3) 45(1)
C(23) 5468(7) 10463(5) 8434(4) 59(1)
C(24) 5024(8) 11195(5) 7973(5) 71(2)
C(25) 3468(9) 10915(6) 7491(6) 76(2)
C(26) 2431(7) 9896(5) 7518(5) 61(1)
C(32) 4750(5) 8584(4) 8930(4) 44(1)
C(33) 6199(6) 8650(5) 9450(4) 55(1)
C(34) 6343(6) 7770(6) 9845(5) 64(2)
C(35) 5038(7) 6802(5) 9723(4) 60(1)
C(36) 3601(6) 6766(4) 9197(4) 45(1)
C(42) 2086(6) 5837(4) 8976(4) 45(1)
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table continued..
C(43) 1906(7) 4829(5) 9275(4) 58(1)
C(44) 427(8) 4003(5) 9028(5) 66(2)
C(45) -803(8) 4215(5) 8504(5) 63(2)
C(46) -570(6) 5234(4) 8242(4) 49(1)
CI(I) 844(1) 8402(1) 9675(1) 50(1)
CI(2) -4851(2) 5759(1) 2686(1) 57(1)
0(1) -5459(8) 5565(7) 1624(4) 124(2)
0(2) -3229(7) 6011(7) 2851(5) 133(3)
0(3) -5195(9) 6692(5) 3236(5) 110(2)
0(4) -5552(9) 4831(6) 3088(7) 132(3)















































































































































































































































Symmetry transformations used to generate equivalent atoms:
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Table C3 Anisotropic displacement parameters (A2 x 103) f or
[Ru(terpy) (bipy) CI] CI0 4• The anisotropic displacement factor exponent
takes the form: - 27r2[ h2a*2U11 + ... + 2 h k a* b* U12].
Vll V22 V33 V23 VB V12
Ru(1) 29(1) 39(1) 33(1) 6(1) 1(1) 4(1)
N(1) 31(2) 47(2) 43(2) 9(2) 0(2) 4(2)
N(l') 35(2) 42(2) 39(2) 9(2) 4(2) 4(2)
N(2) 43(2) 43(2) 41(2) 8(2) 4(2) 4(2)
N(3) 35(2) 44(2) 33(2) 4(2) 3(2) 8(2)
N(4) 40(2) 43(2) 31(2) 5(2) 3(2) 6(2)
C(2') 44(2) 45(2) 37(2) 10(2) 1(2) 3(2)
C(3') 63(3) 67(3) 39(3) 8(2) 1(2) 14(3)
C(4') 74(4) 75(4) 42(3) 1(3) 15(3) 19(3)
C(5') 56(3) 64(3) 60(3) 3(3) 16(3) 20(3)
C(6') 43(3) 54(3) 48(3) 8(2) 8(2) 12(2)
C(2) 40(2) 45(2) 42(2) 10(2) - 1(2) 4(2)
C(3) 52(3) 72(4) 50(3) 11(3) - 9(2) 15(3)
C(4) 48(3) 97(5) 64(4) 21(3) - 9(3) 27(3)
C(5) 46(3) 87(4) 76(4) 16(3) 6(3) 30(3)
C(6) 39(3) 76(4) 51(3) 8(3) 3(2) 19(2)
I
C(22) 39(2) 46(2) 36(2) 1(2) 6(2) 1(2)
C(23) 46(3) 56(3) 54(3) 2(2) 8(2) -5(2)
C(24) 63(4) 56(3) 75(4) 17(3) 12(3) -9(3)
C(25) 85(5) 59(4) 76(4) 28(3) 7(4) 11(3)
C(26) 54(3) 53(3) 67(3) 23(3) -3(3) 4(2)
C(32) 33(2) 49(3) 40(2) - 2(2) 5(2) 5(2)
C(33) 33(2) 65(3) 51(3) - 2(2) 1(2) 8(2)
C(34) 38(3) 85(4) 60(3) 6(3) -5(2) 20(3)
C(35) 54(3) 70(3) 55(3) 15(3) 0(2) 26(3)
C(36) 41(2) 54(3) 37(2) 8(2) 3(2) 17(2)
C(42) 49(3) 44(2) 39(2) 9(2) 7(2) 14(2)
C(43) 66(3) 58(3) 57(3) 22(3) 15(3) 23(3)
C(44) 80(4) 50(3) 66(4) 21(3) 19(3) 11(3)
C(45) 62(4) 49(3) 61(3) 12(3) 9(3) -3(3)
C(46) 45(3) 48(3) 38(2) 4(2) 3(2) 1(2)
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table continued..
CI(I) 45(1) 53(1) 42(1) 1(1) 7(1) 7(1)
Cl(2) 56(1) 64(1) 48(1) 12(1) 5(1) 20(1)
0(1) 116(5) 198(7) 54(3) 21(4) -5(3) 63(5)
0(2) 62(3) 214(8) 88(4) -5(4) 13(3) 23(4)
0(3) 149(6) 82(4) 110(4) 20(3) 50(4) 47(4)
0(4) 124(5) 114(5) 188(7) 94(5) 38(5) 43(4)
Table C4 Hydrogen coordinates (x 1(4) and isotropic displacement parameters (12
x 103)for [Ru(terpy)(bipy)CI}CI04•
x y z U(eq)
H(3') -125 6318 4234 72
H(4') 1961 5714 3907 80
H(5') 3780 5716 5304 73
H(6') 3569 6441 6960 60
H(3) -1997 6979 4689 74
H(4) -3884 7670 5290 85
H(5) -3670 8288 7044 83
H(6) -1650 8151 8195 68
H(23) 6512 10640 8748 71
H(24) 5753 11884 7977 85
H(25) 3139 11405 7159 91
H(26) 1385 9711 7204 73
H(33) 7068 9289 9529 66
H(34) 7315 7812 10198 77
H(35) 5134 6199 9989 72
H(43) 2760 4708 9634 70
H(44) 279 3320 9215 79
H(45) -1797 3671 8326 76
H(46) -1426 5376 7910 58
173























































































































































































































































Symmetry transformations used to generate equivalent atoms :
177
Table C6 Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2 x 103) for [Ru(terpy)(tmen)(CH3CN)](CI04h .
U(eq) is defined as one third of the trace of the orthogonalized ui}
tensor.
x y z U(eq)
C(1) 3329(2) 1452(6) 1265(3) 52(1)
C(1I) 1673(3) 3547(10) 8747(4) 82(2)
C(2) 3053(2) 437(7) 1052(4) 61(2)
C(21) 1964(3) 4514(10) 8974(5) 90(3)
C(31) 2130(3) 4553(9) 9622(6) 96(3)
C(3) 2859(2) 427(8) 388(3) 65(2)
C(4) 2994(2) 1359(7) -36(3) 52(1)
C(41) 2026(3) 3665(8) 10044(4) 77(2)
C(5) 3288(2) 2320(6) 207(3) 41(1)
C(5') 1733(2) 2674(7) 9813(4) 66(2)
C(6) 3456(2) 3244(6) -237(3) 42(1)
C(61) 1552(2) 1761(7) 10245(3) 61(2)
C(71) 1683(3) 1613(9) 10935(4) 75(2)
C(7) 3330(2) 3387(7) -923(3) 51(1)
C(81) 1444(3) 718(10) 11271(4) 82(2)
C(8) 3541(2) 4240(8) -1286(3) 60(2)
C(9) 3885(2) 4999(6) -950(2) 47(1)
C(9') 1139(3) 42(9) 10956(4) 80(2)
C(10') 1005(2) 174(7) 10293(3) 59(2)
C(10) 3997(2) 4844(5) -271(2) 36(1)
C(11 1) 655(3) -533(8) 9869(4) 68(2)
C(II) 4360(2) 5525(4) 148(2) 29(1)
C(12) 4632(2) 6333(5) -131(2) 37(1)
C(12') 360(3) -1327(8) 10117(4) 77(2)
C(13) 4980(2) 6908(5) 282(2) 34(1)
C(13') 48(3) -1874(7) 9725(4) 86(2)
C(141) 4(3) -1645(7) 9071(4) 78(2)
C(14) 5032(2) 6634(5) 953(2) 34(1)
C(15') 263(2) -875(7) 8807(4) 64(2)
C(15) 4728(2) 5853(4) 1186(2) 31(1)
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table continued. ..
C(16) 3952(2) 5402(6) 2268(3) 51(1)
C(16') 1064(3) -421(8) 7748(4) 79(2)
C(17) 3519(2) 5732(7) 1892(3) 51(1)
C(17') 1492(3) -745(9) 8116(4) 83(2)
C(18') 479(3) 1276(8) 7539(4) 79(2)
C(18) 3813(2) 3092(6) 2502(3) 55(2)
C(19') 1190(3) 1925(9) 7477(4) 82(2)
C(19) 4495(2) 3731(7) 2448(3) 52(2)
C(20') 1965(2) -224(9) 9123(4) 82(2)
C(20) 3607(2) 6838(6) 879(3) 54(1)
C(21') 1403(3) -1819(8) 9144(4) 79(2)
C(21) 3053(2) 5226(8) 885(4) 73(2)
C(22') 408(3) 3450(9) 8952(4) 74(2)
C(22) 4571(2) 1549(6) 1044(3) 45(1)
C(23') 136(4) 4597(12) 8952(6) 119(4)
C(23) 4897(3) 506(9) 1056(4) 86(3)
Cl(1) 694(1) 6026(2) 7489(1) 98(1)
Cl(2) 4316(1) 8967(1) 2514(1) 48(1)
Cl(3) 3995(1) 9879(2) 9402(1) 93(1)
Cl(4) 995(2) 5102(4) 591(2) 162(2)
N(1') 1553(2) 2580(6) 9169(3) 59(1)
N(1) 3451(1) 2404(4) 859(2) 39(1)
N(2') 1228(2) 1001(6) 9945(3) 55(1)
N(2) 3789(1) 3991(4) 70(2) 31(1)
N(3) 4396(1) 5272(4) 814(2) 26(1)
N(3') 612(2) -279(5) 9210(3) 57(1)
N(4') 964(2) 1035(6) 7857(3) 64(1)
N(4) 4064(1) 3998(4) 2138(2) 33(1)
N(5') 1510(2) -529(6) 8842(3) 71(2)
N(5) 3493(1) 5544(5) 1173(2) 44(1)
N(6) 4350(1) 2428(4) 1038(2) 30(1)
N(6') 664(2) 2586(6) 8972(3) 58(1)
0(1) 531(2) 6717(6) 8013(3) 94(2)
0(2) 522(2) 4706(6) 7438(4) 116(2)
0(3) 1122(3) 5969(8) 7562(4) 119(2)
0(4) 529(3) 6780(8) 6894(4) 138(3)
0(5) 4490(2) 10302(4) 2566(3) 79(2)
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table continued ....
0(6) 3855(2) 9029(6) 2417(3) 72(2)
0(7) 4441(2) 8309(5) 1972(3) 70(1)
0(8) 4475(2) 8264(7) 3107(3) 102(2)
0(9) 3959(3) 9544(11) 10098(4) 136(3)
0(10) 3588(3) 10212(13) 9002(6) 170(4)
0(11) 4118(3) 8736(9) 9079(5) 139(3)
0(12) 4253(3) 10870(7) 9367(4) 101(2)
0(13) 1389(5) 4699(17) 1020(8) 249(6)
0(14) 958(6) 6280(14) 951(7) 255(7)
0(15) 774(4) 4088(11) 655(5) 156(4)
0(16) 1090(4) 5437(13) -78(6) 187(4)
Ru(Ol) 3927(1) 3916(1) 1044(1) 28(1)
Ru(02) 1078(1) 1084(1) 8960(1) 51(1)































































































































































































































































































































































































































































































































































































































































































































































































































































































Symmetry transformations used to generate equivalent atoms:
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Table C8 Anisotropic displacement parameters (A2x 103) for
[Rutterpy) (tmen)(CH3CNJ}(CI04h . The anisotropic displacement factor
exponent takes theform : -2p2[ h2a*2V11 + ... + 2 h k a* b* V12 }.
ull U22 U33 U23 U13 U12
C(l) 52(3) 53(3) 55(3) -15(3) 21(3) -20(3)
C(l') 74(5) 96(6) 73(5) -7(4) 3(4) -27(4)
C(2) 53(4) 57(4) 68(4) -7(3) 1(3) -17(3)
C(2') 82(6) 103(6) 91(5) -17(5) 29(5) -39(5)
C(3') 88(6) 67(5) 123(6) -21(5) -10(5) -25(5)
C(3) 36(3) 97(5) 58(4) -13(3) -6(3) -15(3)
C(4) 31(2) 68(4) 57(3) -14(3) 3(2) -7(2)
C(4') 69(5) 60(4) 89(5) -14(3) -30(4) -2(3)
C(5) 24(2) 55(3) 43(2) -19(2) 0(2) 4(2)
C(5') 54(4) 65(4) 71(4) -10(3) -15(3) 2(3)
C(6) 33(2) 46(3) 42(2) -6(2) -2(2) 12(2)
C(6') 50(3) 73(4) 57(3) -17(3) -1(3) 15(3)
C(7') 67(4) 86(5) 65(4) -22(4) -6(3) 10(4)
C(7) 51(3) 64(4) 35(2) -15(2) -4(2) 16(3)
C(8') 98(6) 103(6) 39(3) -9(3) -4(3) 17(5)
C(8) 72(4) 73(4) 35(3) -7(3) 5(3) 15(3)
C(9) 42(3) 67(4) 30(2) -6(2) 5(2) 19(2)
C(9') 112(6) 76(5) 52(4) 4(3) 14(4) 1(4)
C(lO') 64(4) 62(4) 50(3) -3(3) 4(3) 15(3)
C(10) 35(2) 41(3) 31(2) -2(2) 6(2) 10(2)
C(ll') 69(4) 71(4) 67(4) -7(3) 23(3) 8(3)
C(ll) 43(2) 29(2) 18(2) 3(2) 10(2) 10(2)
C(12) 49(3) 38(2) 28(2) 5(2) 20(2) 6(2)
C(l2') 103(6) 65(4) 70(4) 5(4) 38(4) 0(4)
C(13) 39(2) 32(2) 37(2) 5(2) 20(2) -1(2)
C(13') 130(7) 48(4) 87(5) -2(4) 33(5) -8(4)
C(14') 95(6) 53(4) 91(5) -13(4) 26(5) -14(4)
C(l4) 35(2) 34(2) 34(2) 1(2) 14(2) -2(2)
C(15') 64(4) 50(4) 75(4) 3(3) 11(3) 0(3)
C(l5) 37(2) 33(2) 25(2) -7(2) 12(2) -9(2)
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table continued.. .
C(16) 70(4) 49(3) 37(3) -10(2) 18(3) -6(3)
C(16') 96(5) 85(4) 63(4) -24(4) 36(4) -22(4)
C(17) 37(3) 64(3) 55(3) -17(3) 21(2) 10(2)
C(l7') 109(6) 78(5) 68(4) -25(4) 28(4) 1(4)
C(18') 87(5) 79(5) 66(4) 5(4) 0(4) -29(4)
C(18) 80(4) 56(3) 35(3) 0(2) 24(3) -30(3)
C(19') 96(6) 93(5) 61(4) -22(4) 21(4) -32(5)
C(19) 47(3) 73(4) 33(2) 11(3) -6(2) -11(3)
C(20') 44(3) 95(5) 106(6) -25(5) 8(3) 34(3)
C(20) 62(4) 47(3) 51(3) -10(2) 4(3) 20(3)
C(21') 96(6) 69(4) 78(5) -10(4) 33(4) 23(4)
C(21) 37(3) 79(5) 99(5) -39(4) 3(3) 4(3)
C(22') 78(5) 75(5) 73(5) 14(4) 27(4) 14(4)
C(22) 37(3) 59(3) 42(3) 27(2) 19(2) 19(2)
C(23') 119(8) 126(8) 122(8) 57(7) 53(7) 56(7)
C(23) 71(5) 98(6) 97(6) 46(5) 36(4) 60(5)
CI(l) 134(2) 68(1) 93(2) -24(1) 27(2) 3(1)
CI(2) 52(1) 39(1) 53(1) -18(1) 13(1) -4(1)
CI(3) 101(2) 78(1) 111(2) 10(1) 47(2) 15(1)
CI(4) 244(5) 125(3) 132(3) 21(2) 73(3) 27(3)
N(l') 50(3) 66(3) 59(3) -14(2) 9(2) 1(2)
N(l) 32(2) 43(2) 43(2) -14(2) 9(2) -4(2)
N(2') 48(3) 73(3) 44(2) 1(2) 6(2) 16(2)
N(2) 31(2) 32(2) 29(2) -7(1) 3(1) 7(1)
N(3) 24(2) 27(2) 27(2) 5(1) 6(1) 4(1)
N(3') 66(3) 59(3) 47(3) -3(2) 13(2) 1(2)
N(4') 60(3) 79(4) 55(3) -14(3) 17(3) -24(3)
N(4) 40(2) 35(2) 25(2) 2(2) 8(2) -13(2)
N(5') 72(4) 66(3) 75(3) -19(3) 13(3) 24(3)
N(5) 34(2) 52(2) 48(2) -18(2) 14(2) 0(2)
N(6) 23(2) 34(2) 32(2) 3(2) 6(1) -1(1)
N(6') 54(3) 72(3) 47(3) 3(2) 7(2) 4(2)
0(1) 100(4) 81(4) 108(4) -22(3) 40(4) -20(3)
0(2) 134(6) 73(4) 129(6) -34(3) -11(5) -4(4)
0(3) 122(5) 133(6) 104(5) -33(4) 25(5) 4(4)
0(4) 204(8) 109(5) 107(5) -1(4) 42(5) 58(6)
0(5) 70(3) 34(2) 127(5) -31(2) 3(3) 0(2)
193
table continued...
0(6) 44(2) 98(4) 77(3) -23(3) 16(2) -5(2)
0(7) 80(3) 56(3) 83(3) -32(2) 45(3) -12(2)
0(8) 137(6) 93(4) 75(3) 3(3) 16(4) 59(4)
0(9) 122(6) 192(8) 99(5) -5(5) 33(4) -24(6)
0(10) 99(5) 214(10) 187(8) 45(8) -9(5) 41(6)
0(11) 103(6) 133(6) 186(8) -62(6) 37(6) 16(4)
0(12) 109(5) 87(4) 115(5) -24(4) 44(4) -4(4)
0(13) 241(10) 243(12) 242(11) 61(11) -23(9) -8(9)
0(14) 386(17) 187(8) 187(10) -77(8) 33(11) 10(9)
0(15) 201(9) 159(7) 119(7) 9(5) 64(6) -32(7)
0(16) 224(11) 200(10) 151(7) 18(6) 73(7) -22(9)
Ru(OI) 24(1) 36(1) 25(1) -4(1) 7(1) 0(1)
Ru(02) 48(1) 58(1) 48(1) -6(1) 7(1) 1(1)
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Table C 9 Hydrogen coordinates (x J(4) and isotropic displacement parameters
(A2x J03) for [Ru(terpy)(tmen)(CH3CN)](C104h .
x y z U(eq)
H(l) 3440 1495 1713 62
H(l') 1553 3535 8302 98
H(2) 2995 -230 1341 73
H(2') 2045 5140 8683 108
H(3') 2324 5224 9775 115
H(3) 2647 -187 235 78
H(4) 2884 1335 -485 63
H(4') 2146 3701 10489 93
H(7') 1914 2080 11159 89
H(7) 3100 2898 -1136 62
H(8') 1512 628 11728 98
H(8) 3460 4315 -1742 72
H(9) 4032 5588 -1180 56
H(9') 1002 -571 11189 96
H(l2) 4586 6494 -584 44
H(l2') 388 -1467 10571 92
H(13) 5170 7457 110 41
H(13') -144 -2420 9894 104
H(14') -219 -2051 8794 94
H(l4) 5264 6964 1241 40
H(lS') 215 -723 8353 76
H(l5) 4759 5726 1641 37
H(l6A) 4159 6005 2133 61
H(l6B) 3954 5525 2738 61
H(16C) 855 -990 7901 94
H(l6D) 1055 -587 7279 94
H(17A) 3311 5162 2049 61
H(l7B) 3451 6656 1979 61
H(17C) 1701 -180 7958 100
H(l7D) 1560 -1673 8035 100
H(18A) 409 744 7146 118
H(l8B) 435 2208 7430 118
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table continued. ..
H(18C) 301 1020 7852 118
H(18D) 3904 2182 2461 83
H(18E) 3518 3169 2318 83
H(18F) 3855 3341 2960 83
H(l9D) 1471 2075 7714 123
H(l9E) 1043 2766 7411 123
H(19F) 1206 1525 7056 123
H(19A) 4669 4494 2395 78
H(l9B) 4600 2960 2245 78
H(19C) 4503 3559 2911 78
H(20D) 1994 -117 9594 123
H(20E) 2049 589 8930 123
H(20F) 2141 -950 9024 123
H(20A) 3584 6740 409 81
H(20B) 3892 7076 1065 81
H(20C) 3418 7531 975 81
H(21A) 1591 -2509 9044 119
H(21B) 1117 -2063 8967 119
H(21C) 1431 -1715 9615 119
H(21D) 2879 6006 902 109
H(21E) 2952 4512 1132 109
H(21F) 3040 4952 433 109
H(23A) 190 5025 9377 178
H(23B) -154 4312 8861 178
H(23C) 189 5219 8617 178
H(23D) 5113 635 1435 129
H(23E) 5021 565 661 129
H(23F) 4771 -362 1079 129
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Table C10 Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2x 103) for [Ru(terpyhJ(C/04h. U(eq) is defined as one
third ofthe trace ofthe orthogona/ized uij tensor.
x y z U(eq)
C(1) 460(4) 9150(2) 2453(2) 13(1)
C(2) -851(4) 9436(2) 2712(2) 16(1)
C(3) -1124(4) 9301(2) 3427(2) 18(1)
C(4) -92(4) 8848(2) 3883(2) 16(1)
C(5) 1194(4) 8550(2) 3600(2) 11(1)
C(6) 2299(4) 8012(2) 4034(2) 11(1)
C(7) 2212(4) 7631(2) 4763(2) 14(1)
C(8) 3335(4) 7073(2) 5069(2) 15(1)
C(9) 4559(4) 6926(2) 4652(2) 14(1)
C(10) 4618(4) 7355(2) 3927(2) 11(1)
C(II) 5830(4) 7324(2) 3401(2) 12(1)
C(12) 7167(4) 6944(2) 3581(2) 18(1)
C(13) 8260(4) 6980(3) 3050(2) 26(1)
C(14) 7969(4) 7387(3) 2350(2) 23(1)
C(15) 6628(4) 7760(2) 2193(2) 15(1)
C(16) 2388(4) 6582(2) 2916(2) 13(1)
C(17) 1765(4) 5986(2) 2749(2) 17(1)
C(18) 1475(4) 6154(2) 2060(2) 17(1)
C(19) 1828(4) 6912(2) 1544(2) 15(1)
C(20) 2462(3) 7479(2) 1741(2) 11(1)
C(21) 2855(3) 8305(2) 1237(2) 12(1)
C(22) 2666(4) 8626(2) 518(2) 14(1)
C(23) 2985(4) 9452(2) 137(2) 17(1)
C(24) 3530(4) 9933(2) 473(2) 14(1)
C(25) 3730(4) 9574(2) 1185(2) 13(1)
C(26) 4314(4) 9957(2) 1626(2) 12(1)
C(27) 4843(4) 10752(2) 1360(2) 16(1)
C(28) 5435(4) 11053(2) 1809(2) 16(1)
C(29) 5457(4) 10569(2) 2522(2) 15(1)
C(30) 4885(4) 9794(2) 2768(2) 12(1)
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table continued..
C(31) 333(4) 14206(2) 2362(2) 14(1)
C(32) -966(4) 14498(2) 2621(2) 19(1)
C(33) -1253(4) 14315(2) 3346(2) 22(1)
C(34) -241(4) 13823(2) 3794(2) 16(1)
C(35) 1035(4) 13527(2) 3512(2) 12(1)
C(36) 2138(4) 12973(2) 3936(2) 12(1)
C(37) 2053(4) 12587(2) 4672(2) 14(1)
C(38) 3176(4) 12031(2) 4969(2) 14(1)
C(39) 4403(4) 11892(2) 4553(2) 13(1)
C(40) 4469(4) 12321(2) 3830(2) 11(1)
C(41) 5690(4) 12316(2) 3298(2) 12(1)
C(42) 7032(4) 11954(2) 3480(2) 16(1)
C(43) 8131(4) 12020(2) 2944(2) 20(1)
C(44) 7845(4) 12445(2) 2244(2) 20(1)
C(45) 6489(4) 12795(2) 2096(2) 15(1)
C(50) 2265(4) 11591(2) 2760(2) 14(1)
C(51) 1632(4) 11015(2) 2568(2) 16(1)
C(52) 1317(4) 11228(2) 1866(2) 19(1)
C(53) 1598(4) 12010(2) 1388(2) 17(1)
C(54) 2212(4) 12567(2) 1616(2) 13(1)
C(55) 2562(4) 13423(2) 1138(2) 14(1)
C(56) 2207(4) 13825(2) 446(2) 21(1)
C(57) 2607(5) 14635(2) 89(2) 25(1)
C(58) 3306(4) 15042(2) 418(2) 20(1)
C(59) 3615(4) 14625(2) 1115(2) 13(1)
C(60) 4270(3) 14958(2) 1575(2) 13(1)
C(61) 4901(4) 15724(2) 1332(2) 17(1)
C(62) 5467(4) 15993(2) 1812(2) 16(1)
C(63) 5400(4) 15501(2) 2517(2) 17(1)
C(64) 4776(4) 14745(2) 2734(2) 13(1)
N(1) 1477(3) 8732(2) 2881(1) 11(1)
N(2) 3492(3) 7860(2) 3635(1) 10(1)
N(3) 5556(3) 7740(2) 2702(1) 11(1)
N(4) 2725(3) 7323(2) 2428(2) 12(1)
N(5) 3399(3) 8772(2) 1549(1) 11(1)
N(6) 4318(3) 9483(2) 2334(1) 11(1)
N(7) 1341(3) 13746(2) 2788(2) 13(1)
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table continued..
N(8) 3340(3) 12831(2) 3538(2) 11(1)
N(9) 5410(3) 12742(2) 2608(2) 12(1)
N(10) 2545(3) 12361(2) 2299(2) 12(1)
N(11) 3231(3) 13825(2) 1461(2) 11(1)
N(12) 4216(3) 14464(2) 2283(2) 11(1)
Ru(l) 3516(1) 8319(1) 2587(1) 10(1)
Ru(2) 3368(1) 13325(1) 2494(1) 10(1)
CI(I) 2645(1) 9828(1) 4536(1) 23(1)
CI(2) 2630(1) 14758(1) 4557(1) 21(1)
CI(3) 3530(1) 12201(1) -401(1) 20(1)
CI(4) -1217(1) 12815(1) 270(1) 26(1)
O(IS) 5942(3) 10031(2) 4149(1) 21(1)
0(2S) 5917(3) 15054(2) 4137(1) 23(1)
0(3S) 78(3) 16208(2) 4512(1) 25(1)
0(4S) -103(3) 11177(2) 4397(1) 26(1)
0(5S) 5454(3) 12933(2) 458(1) 25(1)
0(6S) -378(3) 9801(2) 926(2) 33(1)
0(7S) 649(3) 11334(2) -119(2) 36(1)




































































































































































































































































































































































































































































































































Symmetry transformations used to generate equivalent atoms:
206
Table ell Anisotropic displacement parameters (Alx 103) for [Ru(terpyhJ(CI04h.
The anisotropic displacement factor exponent takes the form: -27e2[
h2a*2Ull + ... + 2 h ka* b* U12J
v 11 V 22 V33 V23 V13 V12
C(l) 12(2) 14(2) 12(2) -1(1) 0(1) 0(1)
C(2) 12(2) 16(2) 18(2) -2(1) -4(1) 3(1)
C(3) 13(2) 16(2) 20(2) -2(1) 5(1) 2(1)
C(4) 14(2) 16(2) 14(2) -4(1) 3(1) 1(1)
C(5) 12(2) 10(2) 12(2) -3(1) 2(1) -3(1)
C(6) 13(2) 7(2) 10(2) -2(1) 1(1) -1(1)
C(7) 14(2) 16(2) 10(2) -4(1) 0(1) -3(1)
C(8) 17(2) 15(2) 11(2) -1(1) -1(1) -3(1)
C(9) 17(2) 11(2) 13(2) -2(1) -4(1) 0(1)
C(10) 15(2) 10(2) 9(2) -3(1) -2(1) -2(1)
C(ll) 13(2) 12(2) 11(2) -5(1) -1(1) 0(1)
C(12) 16(2) 17(2) 18(2) -5(1) -4(1) 3(1)
C(13) 17(2) 33(2) 26(2) -13(2) 0(2) 7(2)
C(14) 15(2) 32(2) 21(2) -12(2) 4(2) 4(2)
C(15) 15(2) 18(2) 12(2) -6(1) 1(1) 0(1)
C(16) 14(2) 10(2) 11(2) 0(1) -1(1) 0(1)
C(17) 19(2) 11(2) 19(2) -3(1) -3(2) -1(1)
C(18) 17(2) 11(2) 23(2) -6(1) -2(2) -2(1)
C(19) 13(2) 16(2) 18(2) -7(1) -5(1) 1(1)
C(20) 8(2) 14(2) 13(2) -7(1) 1(1) -1(1)
C(21) 9(2) 13(2) 16(2) -7(1) 1(1) -2(1)
C(22) 9(2) 19(2) 14(2) -7(1) -1(1) -2(1)
C(23) 17(2) 22(2) 9(2) -2(1) -2(1) -2(1)
C(24) 11(2) 13(2) 14(2) 0(1) 2(1) -2(1)
C(25) 11(2) 12(2) 13(2) -2(1) 1(1) -2(1)
C(26) 12(2) 12(2) 9(2) -1(1) -1(1) -1(1)
C(27) 20(2) 14(2) 13(2) -3(1) 0(1) -4(1)
C(28) 20(2) 12(2) 17(2) -5(1) -2(2) -3(1)
C(29) 18(2) 13(2) 17(2) -8(1) -3(1) -2(1)
C(30) 15(2) 16(2) 8(2) -7(1) -2(1) 1(1)
207
table continued..
C(31) 15(2) 12(2) 15(2) -3(1) -1(1) 0(1)
C(32) 15(2) 16(2) 22(2) -2(2) 0(2) -1(1)
C(33) 16(2) 17(2) 26(2) -3(2) 4(2) 1(2)
C(34) 14(2) 17(2) 17(2) -5(1) 5(1) -3(1)
C(35) 15(2) 10(2) 11(2) -2(1) 2(1) -3(1)
C(36) 15(2) 10(2) 12(2) -4(1) 1(1) 0(1)
C(37) 14(2) 13(2) 13(2) -3(1) 4(1) -3(1)
C(38) 18(2) 11(2) 11(2) 0(1) 1(1) -3(1)
C(39) 14(2) 13(2) 14(2) -6(1) -1(1) 0(1)
C(40) 13(2) 10(2) 12(2) -5(1) -1(1) 1(1)
C(41) 15(2) 7(2) 12(2) -3(1) 0(1) 1(1)
C(42) 18(2) 18(2) 14(2) -7(1) -2(1) 0(1)
C(43) 12(2) 25(2) 21(2) -5(2) -3(2) 4(2)
C(44) 17(2) 24(2) 18(2) -9(2) 5(2) -4(2)
C(45) 17(2) 15(2) 14(2) -7(1) 4(1) -1(1)
C(50) 12(2) 14(2) 16(2) -5(1) 2(1) 0(1)
C(51) 13(2) 14(2) 20(2) -5(1) 3(1) -4(1)
C(52) 16(2) 18(2) 26(2) -13(2) 2(2) -3(1)
C(53) 17(2) 19(2) 17(2) -10(1) -2(1) -3(1)
C(54) 13(2) 14(2) 12(2) -4(1) 0(1) 1(1)
C(55) 14(2) 13(2) 15(2) -5(1) -1(1) 0(1)
C(56) 20(2) 24(2) 21(2) -10(2) -6(2) -1(2)
C(57) 36(2) 21(2) 14(2) -1(2) -6(2) 0(2)
C(S8) 22(2) 16(2) 17(2) -2(1) -1(2) 0(2)
C(59) 12(2) 13(2) 12(2) -4(1) 4(1) 0(1)
C(60) 8(2) 12(2) 15(2) -3(1) 5(1) 1(1)
C(61) 20(2) 13(2) 15(2) -2(1) 4(1) -3(1)
C(62) 14(2) 11(2) 21(2) -4(1) 6(1) -3(1)
C(63) 13(2) 17(2) 22(2) -10(2) 1(1) 0(1)
C(64) 14(2) 13(2) 12(2) -4(1) 2(1) 1(1)
N(l) 13(1) 7(1) 10(1) -1(1) 2(1) -1(1)
N(2) 11(1) 10(1) 10(1) -4(1) 3(1) -2(1)
N(3) 14(1) 11(1) 9(1) -3(1) 0(1) -1(1)
N(4) 11(1) 11(1) 13(1) -3(1) 1(1) 0(1)
N(5) 13(1) 8(1) 10(1) -1(1) -2(1) -1(1)
N(6) 11(1) 11(1) 11(1) -4(1) -1(1) -1(1)
N(7) 12(1) 9(1) 15(1) -3(1) 2(1) -2(1)
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table continued ...
N(8) 13(1) 5(1) 12(1) -2(1) 1(1) 0(1)
N(9) 14(1) 11 (1) 11(1) -4(1) 1(1) -1(1)
N(10) 11(1) 10(1) 14(1) -4(1) 1(1) 0(1)
N(II) 11(1) 12(1) 11(1) -5(1) 1(1) 0(1)
N(12) 11(1) 10(1) 11(1) -3(1) 1(1) 1(1)
Ru(l) 11(1) 9(1) 8(1) -2(1) 0(1) -1(1)
Ru(2) 11(1) 9(1) 10(1) -2(1) 1(1) -1(1)
CI(I) 18(1) 25(1) 25(1) -9(1) -3(1) -1(1)
CI(2) 17(1) 23(1) 20(1) -2(1) -3(1) 1(1)
CI(3) 22(1) 20(1) 16(1) -2(1) 0(1) -4(1)
CI(4) 20(1) 38(1) 23(1) -14(1) -5(1) 1(1)
O(IS) 22(1) 24(1) 16(1) -6(1) 3(1) 0(1)
O(2S) 24(2) 26(2) 18(1) -6(1) 6(1) -2(1)
O(3S) 23(2) 21(1) 26(2) -4(1) 1(1) 2(1)
O(4S) 27(2) 25(2) 22(1) -3(1) -2(1) 4(1)
O(5S) 26(2) 25(2) 23(1) -7(1) -3(1) -4(1)
O(6S) 32(2) 47(2) 16(1) -7(1) -6(1) 3(1)
O(7S) 26(2) 31(2) 56(2) -17(2) -10(2) -5(1)
O(8S) 36(2) 49(2) 26(2) -6(2) -12(1) -9(2)
Table cis Hydrogen coordinates (x 104) and isotropic displacement parameters
(A2x 103) for [Ru(terpyhJ(CI04h.
x y z U(eq)
H(I) 642 9253 1957 16
H(2) -1554 9725 2397 20
H(3) -2003 9512 3609 22
H(4) -263 8743 4379 19
H(7) 1399 7748 5050 16
H(8) 3271 6789 5568 18
H(9) 5326 6542 4859 17
H(12) 7334 6661 4065 21
H(13) 9188 6732 3163 31
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table continued..
H(14) 8697 7409 1977 27
H(15) 6451 8041 1710 18
H(16) 2586 6463 3393 16
H(17) 1540 5468 3106 21
H(18) 1036 5755 1937 20
H(19) 1637 7037 1065 18
H(22) 2327 8289 291 17
H(23) 2832 9690 -352 21
H(24) 3757 10496 216 17
H(27) 4796 11085 873 19
H(28) 5824 11585 1631 20
H(29) 5858 10767 2838 18
H(30) 4890 9469 3258 15
H(31) 525 14333 1864 17
H(32) -1651 14820 2305 23
H(33) -2127 14523 3536 26
H(34) -423 13690 4293 20
H(37) 1244 12705 4962 17
H(38) 3110 11737 5466 17
H(39) 5173 11512 4761 16
H(42) 7201 11665 3962 19
H(43) 9064 11779 3056 25
H(44) 8580 12493 1870 23
H(45) 6306 13084 1616 18
H(50) 2510 11437 3234 17
H(51) 1418 10485 2908 19
H(52) 911 10836 1720 22
H(53) 1378 12168 910 20
H(56) 1703 13550 222 25
H(57) 2395 14913 -389 30
H(58) 3572 15599 171 24
H(61) 4942 16057 843 20
H(62) 5896 16512 1655 19
H(63) 5778 15678 2852 20
H(64) 4740 14409 3222 16
210
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Figure D.l Typical UV-Visible kinetic trace for the reaction of[Pt(bpma)(OHlY/+
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Figure D.2 Typical UV-Visible kinetic trace for the reaction of[Pt(bpma)(OH~/+
(4.94 x 10-5 M) with DL-penici//amine(7.70 x 10-3 M) .
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KINETIC TRIALS FOR THE REACTIONS OF [Pt(bpma)(OH~)]2+ WITH
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Figure D. 7 Kinetic trialsfor the reactions of[Pt(bpma)(OHJ.Jf +(5.0 x 10.5 M)
with lMTU.
PLOTS OBTAINED FOR TEMPERATURE DEPENDENCE STUDIES FOR
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Figure D.B Temperature Dependence plotfor the reactions of[Pt(bpma) (OHJ.Jf+
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Temperature Dependence plotfor the reactions of[Pt(bpma)(OHJJ/+







Y = A + B * X ,R=-0.99995 •
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Figure D.lO Temperature Dependence plotfor the reactionsof[Pt(bpma)(OHJJ/+
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Figure D.II Temperature Dependence plotfor the reactions of[Pt(bpma)(OH~r
(5.0 x 10-5 M) with 1MTU.
KINETIC TRIALS FOR THE REACTIONS OF [Pd(bpma)(OH~)e+ WITH
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RESULTS AND DISCUSSION FOR THE OTHER COMPLEXES
SYNTHESIZED
An attempt was made to synthesize complexes of the type [Ru(terpy)(OH2)3]2+. The
primary aim of synthesizing this complex was to determine whether all three water
molecules from the complex are substituted simultaneously, or whether the two axial
water molecules (denoted by (a) in Figure E.l) are substituted first before the water
molecule (b).
I\~
N N N =
terpy
Figure E.1 Proposed structure for [Ru(terpyj(OH~~12+.
Synthesis of this complex was attempted following two different routes. The first
route involved the removal of the chloride ions from the metal chloride using AgCI04
to form [Ru(CI04)3.3H20] which was then reacted with an equivalent amount of
terpyridine in aqueous ethanol solution to afford [Ru(terpy)(OH2)3]2+. The second
route involved the removal of the chloride ions from [Ru(terpy)Ch] using AgCI04 in
aqueous ethanol solution. The desired product was not isolated from either of these
routes due to the difficulty in getting the complex to precipitate out of the aqueous
solution.
A NMR spectrum of the crude [Ru(terpy)(OH2)3]2+ product formed by following the
first route was recorded in acetonitrile. Since acetonitrile is a strong coordinating
solvent, it was expected that if the desired product did form, three acetonitrile
molecules would replace the three water molecules in the coordination sphere to form
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[Ru(terpy)(CH3CN)3]2+. However, the main interest was to investigate if the terpy did
bind to the metal.
It was expected that if the terpyridine did coordinate to the metal centre, there would
be a shift in the resonances of the protons . When comparing the IH_NMR spectrum of
this complex with the IH-NMR spectrum of the uncoordinated terpyridine ligand
given in Figure A.4, APPENDIX A. It is clear that the signals due to the IH_NMR
terpyridine protons are all present and they have shifted downfield compared to those
of the uncoordinated terpyridine. This is an indication that the terpyridine ligand did
coordinate to the metal.
An attempt was made to grow single crystals suitable for X-ray analysis from the
crude by slow evaporation of the acetonitrile complex solution with diethyl ether. No
single crystals were obtained for the complex isolated using the first route. Analysis
of the X-ray data collected for the single crystal of the complex isolated following the
second route, showed that the complex formed from this route was [Ru(terpy)2]2+. An
ORTEP diagram representing the cation X-ray structure of [Ru(terpy)2]2+ is given in
FigureE.2.
Figure E.2 ORTEP diagram representing the X-r~ structure oj the cation in
[Ru(terpy) 21 (CIO4) 2·
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AUfIIOR'S PRooP
(SpIn So~-Pleasc Rctaltt
Substitutionof lPt(terpy)HzOI2+ ami(Pt(bpnta)HzOJ2+ ~th fbiols iJllIcidic aqueous
solution (terpy = 2,2':6'2"-terpyridiDe); (bpma = bis(2-pyridylmethyl)amiDe)
Dcogratius Jaganyi* and FeliciaTiba
Schoolof Chmtical aNiPIIyrlt:aI SelmerJ. Uni_Jity ofNotal, Prirat~ Bag }(oJ, S«lttmIk, ~t~morinburr J1OJ.
Souts. A/rial
AIIICnoet
The substitution behaviour of (Pl(terpy)HzOf"" and fPt(bpmalHzOt ·, w!I«e rerpy is 2,2';6'2~-terpyridine and
bpma is bis(2-pyridy\melhyl)amine, 't¥U studied as a function of enteriDlthioI CODCaItration and u:mpenrme..The
reactions between the Pt-<:Olnplexcs and DL-pcnicilIamine, L<ysteiDc and &!Ulathiooe were carried out in a
0.10 mol dm-' oq_ Hoo. medium uoiD& atoppcd-Ilowand c:oo-.tional u.Y.-¥iI specIrOphotomcuy. The
obscM:d peeudo-fint-order ra'" COMWIts for the substitutions an: Biven by kot.= klthiol] + k_2• Tbe k. 1 term
represents the re-.e solvolysis. This wasfound In be zero fOC" Pt'~lerpy) whic:bwasthe most reattive c:ompla. The
second-on1eT rate c:onStallts, k1, for the th_ rhiok varied between0.107 ± 0.00/ and 0.5/7 ± 0.025 M-
I S·I for
Pt"(bprna)and 10.7 ± 0.7-711.9 ± 18.3 M- I S·, for Pt"(lerpy), whereas pularhione wasfoUlld to be the sttongest
nucleophile. An analysis of the activation panme\CR, All' and list,dcady abo_ that tile subotitution process is
associative in nature.
lalrooIucdoB
Platinum amine co-ordination has fascinaled chemists
for more than a century [I , 2~ Early reseatdI provided
the basis for modern IIl<lCbanistic inorganic: chemistry
(3), oIferinll a better UDdentandillg with repnIs 10
lipnd exchanae and the kinetics for dilferent ligands
and ditretellt ceometries. The wealth of data from these
studies resulted in the deveIopmenl of lbe wcCuI rule, the
trlIIU-dfect. The serendip;tous disc:ovcryby ROIellbcrg
in the 19601 of the inhibition of cell division by Pt
compleltes .[41, retIe'Io'ed interest in pJatinwn n:sean:b
because of its bioJoP:ai and medical potential. Siace
!ben over 3000 c:ispJatin analogues have been rated [S)
for biolop:al IlCtivity, but with only :za platinum
compounds eotering clinicaIlriab 16)and most of these
CDCOunterinl cIilIicuItic$. 0Iber mctaI CCl1IIp01IDds [7]
have also been tested ill riYo but Qsp1atin, dJ-
[PtClz(NlfJ>z). has shown by far the best ralI1ts.
The cyJtOSlaticdfect of ciapIatin is aeaeraUr IlCCepIed
to be throup co-on:Iinatioo with DNA in tbe cell
nucleus. the major adducl being an inlJU\ralld cross..
lint betw=l N7 atoms of two adjacent JIWline{G)
residues [8. 9). Its readions in other rqions, r,f. __
proteins, causea undesired Jide efIllcts. The mott com-
mon side ell"ects include Jddney andga~
toKicity. These can be attributed to !be inhibition of
enzymes throucJIco-onlinalion of the metal platinum to
sulfbydryl(thiol) groups in proteins [/0. / I],
The hip aIIi"ity of platinum compounds for sulfur
atoms and the bio1osica1 importance of some of these
complaea has attra<:ted much~ among chemists,
biochemists, bioIoaiJts and medical reaarc:bas. Ques-
tions such as 'why does cisplatin pt In JIWline-N7 with
comperiaor 5-donorIipnds available in the tell?' have
been asked. The early papers fOCUJOd on the negative
phenomeua resultinc from the inIenclions bet-. Pt-
metal with SlIIfuro(:Qftt&ining biomolecuJes. Theae in-
d.de upod5 such as tesistancle and toxicity in the
antitumor tra\lllellt (12). However, in sean:h of an
answer to the above qucstiou. sulfuM:Ollraininr com-
pounds are C\llICIIdy UIlderinvestigation as 'protectinll
_ts' to ameliorate the side efrects of platinum
therapy [Il}. 11lae include compounds such as cJula-
thionc, cysIeinc, penicillamine, 5-2-{3-(aminopro-
pyl)amino)r;thylp\lolpborothioic acid, sodium
diedlyldithiocarbamate and WR-2721 which is already
tePtcnd in a numtJa- of Europeu l:OlIIIlrics (14). The
proIcctive nature of these ~pounds is thoopt to
involve prevention or rcvenaJ of Pt-S addllClS in
proleins. R.ecaJI -n from the IfOUPI of Reedijk and
SadIoF involving Pt-.mines with sulfuro(:Qftlaininc Ii-
pnds and nudeoboues has shown lbat these c0m-
pounds. including the proteeling qents, may be
inwlYCd in platinum CIdlCCr thetapy as reao:tioa inter-
medialeS ..Ilea tile Pt-axnplex is 1:11 route to form the
ultimate Pt-GG dlclate [IS].
Kinetic slU<I!eS on substitutions of [Pt{dieo)CIJ + • [Pt-
(dieoXGSMe»)·. cu-{Pt(Ot<NH,hl) and dJ.{Pt(NH>lr








where Ao. A, and A..~t ablorbancc of the
rcadioo mixture initially. at timeI and at the end of the
The 6gaDdIUbstilUlions wcreperformed UDder pacudo-
lint order COIlditioos with the CODlZIlInlIlon of the
nudeopbilcsin at least a Io-fold_ ow:r that of the
JDCl81 CClIDp1ezcs. The nbstitullon tiDetics for fast
reactions werefollowecl usiDlan Applied Photopbysics
8X.IIMV Stopped-41ow ASVD iDItrumcDt. Thewa~
Jcnsths al whichthe meuurcmeIIls wereperformed WOlle
predetermined apectropbolomctrieally by nx:onIioc the
spectJa1 c1Ianp of die COJDpIcs. and \ipDd I01Wons0_
the 200-500 am raqe. Thewavc1cqdls lied in cue of
(PI(1crpJ)(H~)r+ were 3040. 341 aDd 240am with
rcIpCct 10DL-pnid!lominc, L-e:ystciae and B1ulathioDc.
The reaction bcIwml [PI(bpm~)f+ud 1Iu"'thi-
oac wasColowed at 240 DID. Slow n:actioas iovoJm,
(PI(1lpma)R~r+ with L-cystUe ud DL-pniolJami'"
wctC moailoRd spectropbotomet al 300 and
266am IapCCtMIy u&i"I a CAllY 100 UV/VIS IpCO-
tropho«lmeter. AD rcactioaI wereCono-I Cor 811cut
sixbaIf~-.
For aD the rcactioos, the &pCII:InI !lad wdI cIdincd
isoIbatic: points, from thaI of the stutd& aqua com-
pbs (PI(1crpJ)(H~>t+ or (PI(bpma)(H~>f+. 10
that of the IUbstitulilld procIncta [PI(leI'py)(SR)t or
(PI(bpmaXSR)J+•A rcpresaItalive apedruIIl is *own as
Fiprc 1. 11Iis dearly iodicall:& dial tIIC rcactioos that
were iDvatipted inoolved the disp1wwaeolof the water
molecule by the tmoJ.
I'1cucIcHnt order rail: COIISlaDts, ..... werecalculated
frem the sinJle-cr.poaeotial kinetic: InIccI, by oo-6nc
__1iJGr 1east-.qU8fC &t l23] ofcxpcrimeatal data:
,... I . U.. .....-,.. ....- -1PIl..".)OII,f+ MIl
L~__ """_""'_''''alItt.......
The lipDds 2,,2':67"-tapyridioe(1IIIpy) aDdbis(2-pyri-
dylmcthyl)amine (pbma) werepun:Jwed from Aldrich.
All othu c:hc:miWs lid were of the hiIbatpllrity and
wereusedas receiwd. (PI(biI(2-pyridy1me1hy1)-.
OH)ClQ, and (PI(tapyridillCXOH:t>IIlF.L were pm.
pared aa:ordio, 10 61cr81Urc proccdUI'CI [19. 21~
MicroaoaIyses and 'H.n.m.r. spectra apmI wdl willi
die data alreadyrepor1Cd.
DcioRi2lCd miiporc H~ (MODULAB H~ purifi-
cation IySlcm) was used throUllboUI the cxperimcolS.
Since the perchlorate ion is • DOIKOOrdioaliq ioa 10
P1-mctal [221. complex solutions incIudin& IIutathionc,
L-eysll:inc and DL-p""icilJamine (aD from A\dricb) wctC
prepared by dissoIvins kDOW1l qtWIIities in 0.1M
ROO. (Merck) sbortIy before use. This ioIurcd thai
the complex wu ill ill aqua form and thaI its ionic:
strength .... 0.1 M. .
been reported (16). The gmcraIinterat in the inleraction
of platinum complcxes with nuclcopbilic sulfur c0m-
pounds[17. 18). and the r.a thai the reactivityofsquare
planar pJatinum(ll) complexes bas bc= shown 10 be
tuneable usia« otcric as wdl ascketronic c1I'ccIJ (19. 2OJ,
has prompted the c:urrent study. ne olI,jecthoe was10
iovcstip ll: the I1IbsUluliousof (Pt(bpma)H:aOf+ with
sulfur donor 6pods and 10 c:ompaR ill reactivity with
that of(PI(1IIIpy)H2of+ •
The &lrUcIUra of (PI(bpma)H~f + and (PI(1cr-
py)H~r + . and the thiols 1ISCd, are &boYm in 0Iart I.
The SUIIIIIIUY of aciddiuoc:iallon l:OJlSl&DIS (or cysteine
and pcIICi'JamillC il lli- in die 6ecratuR (l7J. At
pH = 1.0. wbae the kiocIic: paruoctcn were delc:r-
mined, all nuclcophilcs wctC fuDyprolOMted. Tbad"orc
all the othu reaction pathways wctC IICJlIccIcd sinc:c
their alIIln1lulioll 10 the o--n tiDCIicI WOlIId be
< 5%. The pH of I also ensuredthat the complexcs were
in the aqua form siDCc their pX. values .1Ie bcaI
reported 10 be 5.30 :to 0.03 for (PI(bpma)H~t+ and
4.42 ± 0.05for (PI(1aJI7)H~r+ (19].
The purity of the c:ompIcxa waschccbd usia, o.m.r.
speca '*"'P1 (Bnakcr AYIlDlZ DPX 3(0) aDd a Carlo
Erba EIaocatal AIIaIyscr 1106. U.v.-vis spectra were
r=>rded u&i"I 1.0or 0.80em TCDC11DD qllUtZ SupnsiI
cells with a CARY 100 u.v.-vis apcctropbotomet
equipped with a c:dICIClIIqlU1DIClIt tbenDostaled by a
Varian I'eItier umpcnlllrc pI'OIIalIIIIICr accuracy
±O.OS "C. KiDdie:_ufor fast rcadioas wen:
..-itored -. aD 8X.11MV (Applied PIIotDphysics)
S1oppcd-Iow~ometcr COIIpIed 10 aD oot-liae
da'" 8JIa1ysis 1ySlcm. The II:mptltl1lrC of the iosInncal
wasCODlI'OIed 10 widIio :to 0.1 "C.
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0JIll2 0._ 0JlIII 0._ 0Jlt0 G.Ol2 0Jl14
1DL--111
r".J. ...... _ ............. t.._
IDL~)ro.""__~)H,o)""DL'..............-. ~­
(2) IJ'I"J~U4" 10-5N. pH 1.0 (RClO.).
The kinetic Iraces (or the Stlbstituliom of tbc eo-
ordinated Hp by thiols in Ilqueous media fonowed
sinaIc cxpoltClltiah, 5ugestiD& that tbc substitutiol15 are
Iint-order in both the thiols and platinum(lJ) 1XlIDpIex-
es, The analysis of the ki1IeUc data sItowI that \be
pseudo-lint orderratc COI\staJltl, k.- obUincd from lUI
avcraF ofsix kiIldic runs for tbc fast rcacliOll5 andfour
for the slow teaCIions, arc~ clcpelldenlupon lbiol
concentration. accorcling to the two-tenn rate law:
~on respectively . The activation paramolaS l1H'
and AS~ were·detenniJled from tanpenlwe studies of
k... over tbc 2G-4O "C RDF·
whicb is-' for nuclcopllilic IlIll1tillltiOll al p/aaard'
metalc:ompIcxCl (24]. where k, denotes a second-order
rate COll5t1U1t. Linear plots with __aro inten:eplS were
obtaiDed by pIottins k,.. vaIueI of (Pt(tapy)H,of+
__ tbc thiol concentrations lFiIure 2). Plots u-Iv-
ina k... of (Pl(bpma)H,ol'+ showed small but IIOIic:c-





:IS"C: lft"<_ltIzO! - 4.96" Icr' M; pH 1.0 (IICIO.).
that the bad< reaction for these rcae:ti0a5 is ncg\iat"blc,
implying that subltitutioa of tbc at1lM:bcd thiol by a
_ter moleculeis not effective. RcpTacntativc plots of
(Pt(pbma)H,of+ are shownin F'Ilft 3. The vaIUIS of
k2• obtaiDCd by 1caIt-squarc anaIysi1, arc IUIIIJIl&Iizcd in
Table I aIoq with tbc assoc:iahldaetivuion peramcters,
tJJl and I!JSI. wbicbwerecalculated from thc tanpcr-
alure dcpcadenco of the rate COIIItattts . AdditiotW
inf_tioII relatina to the paoudo-Iint order plots
iDduding temperature dcpcpdcoce papba arc BiYCn in
Fapns 4 and S.
The study bu DIIUIapd to compare tbc reactivi~ of
tbc tll'O platinum(ll) complexea.'Thecompariton is ItCD
c:lcarly from Table I, in wbicIt the com:spondiDg rca<>
tivi~ of [PI(bpIDa)H,oJ2+ is compared with that of
Pt(terpy); the latter complcx reacts 10'-103 futer with
tbc __ thioIs.The clilretCIICIC in tbc rate of I1Ib1titulion
it a reftcctiOll of the illdividual complcx mucture&. 'The
majot- reason for tbc eaIJaDccd rcac:tivity of (Pt(ter-
py)H,of+ CIUI be attributed toexteNi.... conjuption of
tbc aromatic Iystcm arotlIId tbc metal (19]. Hence, the
flow of cIcetro1I deDsity a_y from tbc cI". metal orbital
into tbc aromatic IUltibonding •• orbitals dllC to tbc .-
bacI< donation is more widely IpRad in the cue of
{Pt(terpy)H,of+ than in [Pt(bpma)H,oJ2+. This in-
~ tlledectropltilicity ofthe~ ccatre by making
TIlbWI. IlaIe""""lJ lUld__...-. lor .1(1'1(......)11,0]'+ lUld1Pl(bpma)H,oJ'+ w!dlllliallil pH 1.0
(HClO,1
CompIu + TbioI Ai" (N- I.-I) ~ll-') AH!1tJ .... ') ~(lr'mor'>
(PI(Ierp)')II.01'+
OL·-'" 10.7" 0.7 42..l " 2.3 -13.1 " 7.7
L-<:)JloiM 19.7 " Q.2 21.7 * 0.9 -'43.2 * 3.0
l-oJvra1ltionc 711.9 " 11.3 17.S* o.a - 131.9 * 2.6
(l'l(bpma)H,oJ'+
DL·_ (1,07 '* 0.01)" 10- 1 (9'" " I.:IS)" Icr ' $2.1" 1.6 -IU '* , .2
L-C,.uiDc (1.25 '* O.oJ)" 10-' 14.17 '* 0.J9) x ur 43.1 " 1.1 -1".1 '* 4.0














II dilraat -,.......... Eaper-..I'-"': (PI"). Of" 10-' N. pH IJJ (HClO.).
it more positiYe, resuJtiDJ iD easier anact by !be
iJIc;omins nucleophile. In addition. (Pt(rerpy)H:zO)1+ is
Iikdy to stabili2c tile triaoaal-bipyramidal transition
state much beIter than [Pt(bpma)HzOf+. throup !be
delocaIizaUOII ol the Deptne dwF facililatiq ...
bood rormation . The biBb lability or the mda14erpy








~. J. E"",,, pIoa _10 __ 1lle__ror
Cal [Pl"(_ltI,G! oed (Il) !Pl"lIlP-lH.oJ wi1111lle__
(Pt(terpy)CIJ+ 126. 27). The dr'ect ia similar to that of
{Pt(terpy)H:zOf+ and has been delcribed as beiq due
to the electroaic: commllllicatioa~ the aromatic
system and the -.J ciaorbital.
Comperisoa beIweaJ (Pt(1aJ?')H:zOJ'- aDd(Pt(bpaJa)-
H:zOf- wid (Pd(terpy)H,O)"+ and (Pd(bpma)H:zOf+
shows that iDc:hu&inc tile spectatM IipJld from (bpma)
to (terpy). the reactivity iDc:Rued by • factor ol loJ-loJ
for platinlllll(l1) mda1 but 0tIIy by • f.aor ol~ for
peIIadium(1l) mda1 ...... the_nllCleophilcs arc used
(17).11liIdilfereuce ia reactivitypoioll to tbe f.a that die
aromatic teIpy Iipud iDct.- the lability of the
platinlllll(l1) mda11110R thaDpaIIadium(1I) metal. 11liI
isba:allle oltlle fact thaI platiaum mda1 is..oler.....tre
thaD the palladium metal and, as a realIl\, it is more
sensitive 10 die eIectrOlIic COIIIID1lIlicatioa bet-M:en the
metal and thec:o-plaDar aromaticcoajuption system.
The -.lIId order rale COIISlaDl$, kz, for {Pt(ter·
py)H:zOt+ IistcdiDTable 1 are similar to ooes reported
by Bupr6~ (18]. Lookiua at IIle two eomplexa iD·
....upted. IIle order ol reactivity of theIlIioIa is alsotbe
IllDIe, s1utathiooe beiDa the moot reactive wbile DL·
penialJamine is the least. This tmld can be accounted
for ill IerJIII of anchimeric and IIeric df'_. Based on
the __ ol the nudeopltiles OtIC would expect
s1ulathiooe to be tile leut nKtive ba:allle or ill
bulkioesa, bowe>er ill lIJIQIlCded I'eKtPity poioll to
the existaIce of au andJimeric df'ec:t. This feature
probably ariIes from hydrop boudin. between the
incominl Ihiol and die leavioe _ molecvledurin.
the IraDlitioa state, with a Del redlOCtioo iD the KIiva-
tiOn eDerIY of subltitution. 11liI neisbbouriDJ sroup
participatiOll basbeen obsened by other.-.rc:hen (27.
28) and is a pbenomeIlOIl wdI kDowD ia orpaic
n:adions (29). The Jo-. mlCCivity of DL-peaicillamine
can be linked to the~ of the two methyl JfOups
anacbcd to the1I<arboacaire call1inJ IlIeric ItindraJlco.
The stability c:oastalIts (K =l:li-v for the Pt(bpma)
complex liaud iDTable I indicale that the tJIioI products
are >ay stable. The"" and neptne val .... or~ for
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